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 Synapses are specialized intercellular junctions through which neurons 

communicate. The two sides of a synapse are held together with adhesion molecules. We 

investigated the role of synaptic adhesion molecules neuroligins, neurexins, SynCAM 

and dystroglycan using overexpression and knock-out mice analysis approaches. We 

showed that neuroligins mediate validation of synapses in an activity dependent manner 

and different isoforms of neuroligins mediate different types of synapse validation. We 

also showed that binding partners of neuroligins, i.e. neurexins, have a cell autonomous 

effect on inhibitory synapses, independent of neuroligins. Analysis of dystroglycans 

failed to reveal a significant phenotype in dissociated cultures, whereas SynCAM had a 

robust synapse inducing role in developing networks. Furthermore we have shown that 

this effect of SynCAM is mediated through its cytoplasmic interactions.  

We further investigated cytoplasmic downstream effectors of neurexins and 

SynCAM by analyzing CASK and Mint proteins using knock-out approaches. We have 

shown that both CASK and Mints are essential for survival and synaptic function. Our 

results indicate that synaptic cell adhesion molecules are not merely passive structural 
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elements but actively participate in information transfer and signaling between neurons 

by interacting with each other and with their intracellular effectors.  

We have also investigated homeostatic properties of vesicle recycling and we 

have demonstrated that activity levels of a neuronal network determines the pathways 

through which synapses replenish the neurotransmitter vesicles during high frequency 

stimulation.  

Finally, we explored the relationship between evoked and spontaneous vesicle 

fusion and their postsynaptic targets using NMDA receptors. We uncovered previously 

unexpected segregation of receptor pools that respond to spontaneous or evoked vesicle 

fusion events. Our experiments also revealed that synaptic cleft is not a mere empty space 

but rather a complex structure filled with various elements can effect diffusion of 

neurotransmitter and hence information transfer between neurons.  
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Structural Features of Central Synapses 

Chemical synapses are intercellular junctions critical for information transfer and 

processing in the nervous system. They consist of two compartments physically 

juxtaposed within several nanometers of each other: presynaptic terminals and 

postsynaptic specializations. Presynaptic terminals store and release neurotransmitter 

substances in membranous organelles named synaptic vesicles, whereas postsynaptic 

structures contain signaling molecules responsible for generation of neuronal responses to 

released neurotransmitters. Presynaptic terminals are highly organized subcellular 

structures. At the electron microscopic level, clusters of synaptic vesicles around the 

plasma membrane regions called active zones can readily distinguish them from other 

structures within a neuron. Synaptic vesicle exocytosis is thought to take place 

exclusively at the active zone, whereas synaptic vesicle endocytosis may occur within the 

vicinity of this region. Active zones are characterized by enrichment of scaffolding 

molecules, and enable assembly of proteins required for regulated vesicle fusion and 

recycling (Sudhof., 2004). Juxtaposed to the presynaptic terminal, the postsynaptic site is 

characterized by electron dense material called the postsynaptic density. Postsynaptic 

density is enriched in scaffolding molecules that anchor neurotransmitter receptors and 

organize signaling in response to second messenger cascades activated by these receptors. 

The pre- and postsynaptic sides of the synapse are held together with adhesion molecules 

spanning the synaptic cleft. The size of the active zone and the number of docked vesicles 

are critical determinants of the functional responses of a presynaptic terminal. These 
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structural markers are continually modified during synapse maturation (Mozhayeva et al., 

2002). Depending on the type of synapse, presynaptic terminals in a given synapse 

contain varying number of synaptic vesicles, some of which are physically attached or 

docked at the plasma membrane.  

 

 

Figure 1.1: Electron microscopic picture of a central synapse. Note the the 
presynaptic terminal is filled with synaptic vesicles of ~50 nm size. The active zone 
tightly jusxtaposed to the post synaptic density. Adhesion molecules hold the two sides 
together.   

 

The most striking difference of synapses from other cell-cell junctions is the 

asymmetry of structures on both sides of the synaptic junction. Such an asymmetry 

implies that two compartments must respond differently to the signal(s) that initiate 

synaptogenesis. This asymmetry is partially achieved through differential distribution of 
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synaptic components to axonal and dendritic compartments within a neuron. Asymmetric 

interaction of cell adhesion molecules can also account for triggering divergent cascades 

of downstream events and induction of pre- and postsynaptic sites. However, it is 

important to note that despite this asymmetry the sizes of the specializations on both sides 

of the synaptic cleft are highly correlated suggesting that the structural synapse assembly 

is significantly coordinated across the cleft. This coordination is also most likely 

achieved by transsynaptic signals such as adhesion molecules.  

In a mature presynaptic terminal, vesicles can be divided into two pools. The first 

pool contains a relatively small fraction of vesicles close to release sites (Rizzoli and 

Betz., 2005). These vesicles can be released by brief Ca2+ dependent stimuli or by 

hypertonic stimulation, which is Ca2+-independent. This release ready pool of vesicles is 

referred to as the immediately releasable pool or the readily releasable pool (RRP). RRP 

vesicles are considered to be in a morphologically docked state, although not all 

morphologically docked vesicles are necessarily release competent at any given time. A 

priming step in addition to the morphological docking is required to make vesicles fully 

release competent. A secondary pool of vesicles, the reserve pool, is spatially distant 

from the release sites and constantly replaces the vesicles in the RRP that have been 

exocytosed. The rate of replenishment of RRP vesicles from the reserve pool is a critical 

parameter that determines the response of synapses to repetitive stimulation. Recent 

evidence indicates that intrasynaptic Ca2+ can facilitate the rate of replenishment. The 

number of vesicles contained in the RRP is a critical parameter that regulates the 

probability of release, which is defined as the probability that a presynaptic action 

potential can result in an exocytotic event. Therefore, the number of vesicles in the RRP 
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and the rate and pathways by which they are replenished is a crucial determinant of 

presynaptic efficacy and of several forms of short- and long-term synaptic plasticity. 

Several lines of evidence support the presence of the non-recycling pool of vesicles in the 

synapse. Mechanisms that can render this pool functional remain to be determined. 

(Rizzoli and Betz., 2005) 

1.2 Multiple Stages of Synapse Assembly  
 

In the mammalian central nervous system (CNS), synapse formation is a precisely 

timed process. Synapses appear within days in a given brain region. At later stages of 

development, synapse proliferation is thought to be balanced by synapse elimination and 

pruning of synaptic contacts through activity-dependent mechanisms. Several lines of 

evidence suggest that initial synaptic contact formation per se does not require neuronal 

activity. Initial events that establish immature synaptic contacts in neuromuscular 

junctions involve the interaction of axonal growth cones with target muscle membrane. 

(Misgeld et al., 2002) In the central synapses, however, initial synapse formation is 

thought to take place between the axonal shaft and filopodial processes that extend from 

the dendrites. This type of interaction results in the formation of en passant synaptic 

boutons along the axonal shaft, which is a common feature of most CNS synapses. 

Retraction and stabilization of these filopodial processes together with contacted axonal 

regions or nascent presynaptic terminals marks the beginning of synapse maturation. 

Further maturation involves structural modifications that increase the anatomical 

complexity of the synaptic boutons, including an increase in the number of synaptic 

vesicles, the size of the synaptic boutons, and, in some cases, the number of active zones. 

An interesting aspect of synapse maturation is the matching change in the pre- and 
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postsynaptic regions that results in a strong correlation between the size and complexity 

of both sides of a synapse.  (Goda and Davis., 2003) 

The sequence of events leading to synapse formation has recently been studied in 

detail using time-lapse imaging techniques in dissociated hippocampal cultures. These 

studies took advantage of action potential-dependent, rapid synaptic vesicle recycling as 

the earliest indicator of synaptogenesis following the initiation of axo-dendritic contacts 

(Shapira et al, 2003). These findings support the scenario that prepackaged presynaptic 

molecules are rapidly released at sites of axo-dendritic contact, forming functional 

presynaptic terminals.  However, it has been previously shown that isolated synaptic 

vesicles in axons can also recycle in an activity-dependent manner prior to target contact. 

This immature form of synaptic vesicle recycling proceeds with slower kinetics 

compared to mature synapses. (Zhang and Benson., 2001) In some cases this immature 

form of synaptic vesicle recycling has been shown to be resistant to tetanus toxin 

implicating the requirement for a vesicular SNARE (acronym for soluble N-

ethylmaleimide-sensitive factor attachment protein receptors) protein other than 

synaptobrevin-2 (VAMP-2), which is tetanus toxin sensitive. In the developing 

neuromuscular junction, unlike mature junctions, synaptic vesicle recycling is highly 

sensitive to Brefeldin A, which disrupts synaptic vesicle trafficking thorough endosomal 

intermediates. (Zhang and Benson., 2001) 

Maturation of presynaptic terminals occurs in structurally and functionally 

distinguishable stages. During early synapse maturation, synapses are unresponsive to 

action potential stimulation or hypertonicity (which normally induces swift fusion of 

docked vesicles), although they can release neurotransmitters and recycle synaptic 
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vesicles during strong stimulation such as induced by elevated extracellular potassium. 

This form of vesicle recycling detected in these nascent synapses is mechanistically 

analogous to the form observed in the absence of critical components of the synaptic 

SNARE machinery. This is consistent with the observation that synaptic vesicle recycling 

at this stage is tetanus toxin insensitive. Following this initial stage, synapses undergo a 

transition to become responsive to action potential stimulation and rapidly recycle 

synaptic vesicles. Examination of electron micrographs of nascent synapses reveals a 

strong correlation between this functional switch and the formation of the active zone, 

leading to the assembly of the readily releasable pool. (Mozhayeva et al., 2002) 

 Indeed electron microscopic analysis of immature hippocampal cultures shows 

that synaptic vesicles are not as closely associated with plasma membrane as they are in 

mature synapses. These vesicles recycle in a calcium dependent manner as they travel in 

the axon indicating basic machinery needed for docking and fusion is distributed loosely 

along the axon. Nevertheless, these hot spots of glutamate release sites may have an 

important role during the initial stages of synaptogenesis. The released glutamate can 

stimulate filopodial motility of both dendrites and axons, thereby increasing the chance of 

axo-dendritic encounter. However, in more mature cultures glutamate strongly inhibits 

filopodial motility and stabilizes connections. These contradictory observations can be 

reconciled if during development, changes in protein expression make filopodia less 

responsive to glutamate or alternatively, there might be a concentration threshold for 

glutamate above which its activity has opposite effects on motility. (Tashiro et al., 2003, 

Dunaevsky et al., 1999) 
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Figure 1.2: Illustration of presynaptic maturational stages. Initially synaptic vesicle 
clusters are mobile and exo-endocytose with a slow kinetic along the axon. Synaptic 
maturation marks a change in the number, mobility and membrane closeness of these 
vesicle clusters.  

 

Besides glutamate, many other secreted molecules increase the number and 

motility of dendritic and axonal filopodia prior to contact. These include brain derived 

neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), which have been shown to 
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promote axonal arborization, dendritic growth and synapse maturation. BDNF coated 

beads can increase Ca2+ levels and trigger neurotransmitter release in contacting axons in 

a protein synthesis dependent manner (Zhang and Poo., 2002). Some members of the 

fibroblast growth factor (FGF) family of proteins (e.g. FGF22, FGF 7, FGF 10) can 

induce presynaptic organization via FGF receptor-2 (Umemori et al., 2004). Secreted 

Wnt proteins (Wnt-7a, Wnt-3) can also induce remodeling of growth cones and 

accumulation of synaptic vesicles (Krylova et al., 2002). Wnt-7 knock-out mice show a 

delay in maturation of multisynaptic glomerular rosettes formed between mossy fibers 

and granule cells in the cerebellum. Deficiency of a Wnt homolog in Drosophila, 

Wingless (Wg) causes abnormal pre- and postsynaptic differentiation indicating possible 

conservation of function.  

The peak of synapse formation in the mammalian brain coincides with extensive 

proliferation of glia, in particular astrocytes. Astrocytic protrusions engulf potential 

contact sites between axonal and dendritic processes, implicating their possible role in 

synaptogenesis. Astrocytes release several factors that impact synaptic differentiation. 

Initial studies by Pfrieger and Barres showed that in the absence of glia the number of 

synapses formed between retinal ganglion cells in culture are reduced and individual 

synapses are less efficient in neurotransmitter release (Pfrieger and Barres., 1997). Later 

work by Pfrieger and colleagues led to isolation of Apolipoprotein E (Apo-E) as the 

factor upregulated in the presence of glia. Apo-E is a carrier for cholesterol. In these 

experiments, application of cholesterol to retinal cultures caused a massive increase in 

spontaneous excitatory postsynaptic currents and the number of presynaptic nerve 

terminals (Pfrieger., 2003). In parallel, Barres and colleagues identified thrombospondins 
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1 and 2 as additional glia-derived synaptogenic molecules, which specifically cause an 

increase in the number of synapses. Thrombospondins are multidomain extracellular 

matrix proteins, initially identified in platelet activation. (Christopherson et al., 2005) 

In summary, presynaptic maturation goes through a number of stages even before 

the physical contact is formed. These processes maximize the chance of contact 

formation in a nonspecific manner.   

1.3 Role of Synaptic Cell Adhesion Molecules in Synapse Assembly 

 Whereas soluble factors play an important role in mediating the initial stages of 

vesicle aggregation and priming axons for synapse assembly, synaptic cell adhesion 

molecules mediate the physical contact and functional communication between axonal 

and dendritic protrusions leading to the formation of synaptic junctions. These molecules 

are composed of several large families, which include N-cadherins, protocadherins, 

NCAMs, nectins, neurexins, neuroligins and SynCAMs. In most cases extensive 

alternative splicing and differential glycosylation patterns create enormous variability in 

the possible repertoire of protein products. This high level of variety in individual protein 

products and the large number of combinatorial possibilities for intermolecular 

interactions between these molecules may contribute to the specificity of synaptic 

connections in the brain. However, the process of synapse formation itself seems to be 

somewhat promiscuous as evidenced by three observations. First, injury or degeneration 

in the brain can trigger extensive synaptic rewiring, which leads to formation of ectopic 

synapses between cells that do not normally make synapses with each other. Second, 

neurons in dissociated cultures form synapses rather promiscuously, where in some 

conditions, cells can even form autapses with themselves regardless of their proper in 
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vivo partners. Lastly, axonal contacts onto polylysine-coated glass beads can induce 

assembly of presynaptic specializations. (Scheiffele., 2003) Taken together, these results 

indicate that the basic mechanism for synapse formation is inherent to all neurons. 

Furthermore, these observations suggest that synaptogenesis is not an event triggered by 

a single molecule, but rather a vast repertoire of molecular interactions can lead to 

synaptogenesis between neurons. Activity-dependent processes test these connections 

over time and direct stabilization of the most resilient connections.  

Neuroligin is the first adhesion molecule identified to be a direct inducer of 

presynaptic terminal assembly (Scheiffele et al., 2000). When expressed in non-neuronal 

cells, they can cause an accumulation of presynaptic vesicle clusters on contacting axons. 

These synapses are fully functional as demonstrated by fluorescence imaging of synaptic 

vesicle recycling and electrophysiological detection of neurotransmitter release. The 

soluble extracellular domain of neurexin can mask this effect of neuroligin indicating that 

neurexin is the mediator of the synapse inducing activity of neuroligins within the 

presynaptic axon. An attractive part of the neurexin-neuroligin system is that it satisfies 

the necessary asymmetry required to induce different signaling events on pre-and 

postsynaptic sides of the synapse. Neurexins are primarily associated with the presynaptic 

site and intracellularly bind to CASK and syntenin. In contrast, neuroligins are located on 

the postsynaptic site and their C-termini interact with PSD-95. (Hata et al., 1996) 

 SynCAM is the only other molecule shown to be sufficient to induce synapse 

formation when expressed in non-neuronal cells. It is a member of the immunoglobulin 

(Ig) super family, and mediates homophilic interaction through extracellular Ig domains. 

Similar to neuroligin, synapses induced in vitro by SynCAM are fully functional 
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(Biederer et al., 2002). Overexpression of SynCAM in dissociated cultures has a 

dominant positive effect in the functioning and formation of synapses. In contrast, the 

overexpression of dominant negative SynCAM lacking extracellular domain impairs 

presynaptic assembly (Sara et al., 2005). Unlike the neurexin-neuroligin interaction, 

SynCAM mediates a homophilic interaction, indicating that different downstream cues 

are present on different sides of the synapse. 

  

 

Figure 1.3: Coordinated assembly of pre and post-synaptic machinery is mediated 
by adhesion molecules.  These molecules form complexes that span the synaptic cleft 
and intracellularly they interact with a variety adaptor-effector molecules to coordinate 
and organize synapses.    
 

How does the interaction of cell adhesion molecules translate into changes within 

the cell? Following initial contact, assembly of synapses takes 1 to 2 hours and may occur 

in either of two ways (Friedman et al., 2000). First, following contact each molecule 

could be captured from the stream of axonal cytoplasm and a synapse can be built 

 11



depending on protein-protein interactions. A second model suggests that synaptic 

molecules are pre-assembled in small units in other parts of the neuron and transported to 

the axon (Shapira et al., 2003). The speed of assembly favors a pre-assembled trafficking 

model. The evidence for the existence of cytoplasmic transport packages came from 

studies of Garner and colleagues. They have been able to isolate large dense vesicles 

from developing axons containing active zone proteins such as piccolo, bassoon and 

RIM. Pre-assembled packages of active zone vesicles fuse with the axonal plasma 

membrane to create a scaffolding framework for other components. In addition to the 

active zone components, synaptic vesicles also assemble as clusters in a unitary fashion. 

Nevertheless, these two components do not seem to travel together along the axon. There 

is also evidence that at the end of this initial stage of synapse assembly synaptic vesicles 

switch to a docked state and associate more closely with the plasma membrane in a 

synapsin dependent manner (Mozhayeva et al., 2002). 

Analysis of the intracellular interactions of Neurexin and SynCAM reveals CASK 

as a converging downstream target. CASK is a member of the membrane associated 

guanylate kinase family (MAGUK) and strongly interacts with neurexin and SynCAM 

cytoplasmic tail. Upon interaction with neuroligin, neurexin oligomerizes and recruits 

CASK. Given the multidomain structure of CASK, it is usually envisaged as a recruiter to 

the newly formed contact sites for both neurexin and SynCAM. CASK also forms a well-

conserved tripartite complex with Mint and Veli, multidomain PDZ molecules (Butz et 

al., 1998). This complex is proposed to be responsible for the recruitment of vesicle 

fusion machinery. CASK has also been shown to interact with liprin, which organizes the 
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presynaptic active zone in C. elegans. By tightly interacting with the active zone proteins 

RIM and ERC, liprins constitute the insoluble backbone of the active zone.  

As mentioned above, synaptic vesicles are tethered at the vicinity of the active 

zone by the actin cytoskeleton. Actin depolymerizing agents have a strong disruptive 

effect on nascent synapses but not on mature synapses implying a role for actin during 

synapse formation (Zhang and Benson., 2002). CASK can polymerize actin on the 

neurexin C-tail and stabilize it by interacting with protein 4.1. In this way, synaptic 

adhesion molecules Neurexin and SynCAM (and possibly other CASK interacting 

adhesion molecules such as Syndecans) can induce local polymerization of actin at 

contact sites and trap traveling synaptic components.   

As discussed above, free moving vesicle clusters have different cycling properties 

than mature ones. How maturation changes vesicle identity is not known. It could be 

achieved through transport of mature vesicles or conversion of the identity of existing 

vesicles. One can speculate that these initial synaptic vesicles are still present in mature 

synapses but in a reduced capacity for synaptic vesicle recycling. This may explain the 

presence of the enormous number of vesicles at synapses, while only a fraction of them 

are functional.  

Taken together, there are a multitude of potential pathways that can lead to 

eventual assembly of synaptic terminals. This redundancy not only increases the 

robustness of the synapse assembly process but also contribute to the functional and 

structural versatility of synapses.  

1.4 Stabilization of Synapses 
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 Synapse formation is rather error prone at the initial stage and a certain degree of 

mismatch often occurs. Therefore, initial promiscuous synapses either are usually secured 

by help of additional and more specific adhesion molecules, or are eliminated. Like 

previous stages this process also occurs in a hierarchical manner. The synaptogenic 

molecules neurexin and neuroligin could be good candidates for helping to achieve this 

specificity. Neurexins undergoes extensive splicing, and recently Boucard and colleagues 

demonstrated that they interact according to a splice code (Boucard et al., 2005).  As 

explained in the second chapter in detail, neuroligins play an essential role in the activity 

dependent stabilization of initial synaptic contacts. Experiments in neuroligin-1 

overexpressing neurons suggested that, these molecules provide the necessary link 

between release machinery and receptors. Neuroligins link pre and postsynaptic side 

extracellularly via neurexins and intracellularly through PSD-95 (a multi PDZ domain 

containing scaffolding molecule that recruits NMDA receptors to synapse) enabling 

colocalization of synaptic release and its coincidential detection by NMDA receptors 

(Chubykin et al., 2007). Several other cell adhesion molecules are also postulated to play 

a role in late stages of synaptic development. 

One of the best-characterized synaptic cell adhesion proteins is N-cadherin. 

Similar to neurexins, they link the extracellular adhesive function to actin cytoskeleton 

via α- and β-catenins. Even though the function of cadherins at the synapse is not clear, 

several recent experiments provide significant insights. Overexpression of a N-cadherin 

construct lacking the extracellular domain while maintaining the ability to bind cytosolic 

partners, markedly reduced the number of presynaptic boutons, indicating the importance 

of the adhesive function. In another set of experiments expression of mutant α-N-catenin 
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prevented the interaction of cadherin with the actin cytoskeleton but did not strongly 

affect presynaptic assembly. These experiments imply that cadherins have a rather 

adhesive function during early synaptogenesis. Therefore, they could act at an 

intermediate stage between initial contact and final maturation by prolonging the brief 

lifetime of axo-dentritic contacts. Disruption of cadherin function in mature synapses, 

however, does not have a strong effect. This finding raises the possibility that some of the 

cadherin functions are redundant with protocadherins, a subset of the cadherin 

superfamily. Protocadherins are composed of nearly 60 members expressed by three gene 

clusters that are expressed in distinct patterns in the nervous system and undergo 

extensive splicing.  

1.5 Molecular Components of the Presynaptic Active Zone and the Cytomatrix 

Active zones are the principal sites of synaptic vesicle fusion in synapses. The 

molecular components of the active zone are thought to serve a structural role by 

clustering synaptic vesicles around the active zone and increasing proximity between 

molecules on the synaptic vesicle membrane and the plasma membrane. Active zone 

proteins are also involved in priming the vesicles for release and perhaps in vesicle 

retrieval after fusion. Proteins, such as Bassoon and Piccolo, are recruited to activate the 

synapses during synaptogenesis. For instance, in experiments conducted by Garner, Ziv 

and colleagues, Bassoon was detected in nascent synapses capable of action-potential-

dependent uptake and release of FM dyes. In addition, dense core active zone precursor 

vesicles contain multiple synaptic proteins, including the active zone proteins, Bassoon 

and Piccolo. Fusion of these vesicles with the plasma membrane can rapidly assemble 

active zone (Shapiro et al., 2003). Despite extensive data on their localization, the 
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functional properties of these active zone proteins are still unclear. However, for RIM1 

and CASK, there are several well-characterized biochemical interactions with multiple 

proteins. As discussed above, in the case of CASK these molecular interactions suggest a 

central role in the bridging of neurexins to munc-18, a critical component of presynaptic 

release machinery. Recent mouse knockouts of munc-13 and RIM1 uncovered critical 

functional roles for these molecules. Synapses deficient in munc-13-1 are severely 

impaired in their function (Varoqueaux et al., 2002). The remaining munc-13-2-

dependent synaptic transmission displays marked synaptic facilitation. RIM1 knockout 

mice, on the other hand, have a less severe but significantly altered properties of short- 

and long-term plasticity. Interestingly, loss of these molecules does not lead to structural 

alterations in the synapse, which are presumably due to the redundancy of molecular 

interactions that assemble synapse structure. 

How do the active zone proteins regulate synaptic function? This regulation is 

likely achieved by the ability of active zone proteins to recruit the components of fusion 

machinery, such as SNAREs and munc-18. An important step in the chain of events 

leading to vesicle fusion is the formation of the SNARE core complex between target 

membrane SNARE proteins (i.e., syntaxin and SNAP-25) and the synaptic vesicle 

SNARE, synaptobrevin/VAMP. Active zone proteins can exert significant functional 

effects by regulating the formation and dissociation of SNARE complexes.  

Replenishment of vesicles released at the active zone requires SNARE core complex 

assembly and disassembly. This assembly process in the synapse is much faster than the 

rates of SNARE core complex assembly in vitro. Therefore, the assembly process is most 
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likely facilitated by protein-protein interactions between the components of the 

presynaptic active zone and synaptic vesicles (Sudhof., 2004).  

Another important feature of the active zone is that, it brings together vesicle 

fusion machinery within nanometer distance of voltage dependent Ca2+ channels 

(VDCC). Ca2+ is normally very rapidly cleared from the cytoplasm, for fusion to occur 

Ca2+ sensor require μM concentration. Simulations and imaging based Ca2+ 

measurements indicates such a concentration is achieved only within nanometer vicinity 

of Ca2+ channels for a very brief time. How exactly are Ca2+ channels localized to and 

distributed in the active zone is a mystery. One potential candidate that is suggested to 

have a role in VDCC localization is neurexins. Evidence come from the analysis of triple 

α-neurexin knock-out mice suggest that Ca2+ sensitivity of release in these synapses are 

severely impaired.  

1.6 Functional Maturation of Presynaptic Terminals and the Role of Activity 

Following the initial assembly of synaptic terminals a large number of synapses 

are functionally silent. In some cases, these functionally silent synapses can be rendered 

operational in response to activity. The most commonly studied models of silent synapses 

propose a postsynaptic mechanism that underlies this silence. According to this model a 

fully functional presynaptic terminal may exist but the postsynaptic site does not possess 

AMPA receptors although it contains NMDA receptors. Activity, in turn, induces the 

insertion of functional AMPA receptors making silent synapses functional under 

physiological conditions. In contrast, studies in dissociated hippocampal cultures have 

also identified a developmental stage where synapse are presynaptically silent after 

assembly. This model possesses the same apparent features of an NMDA-only synapse 
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but the NMDA-only nature of these synapses is explained by a presynaptic mechanism 

not by lack of postsynaptic AMPA receptors. According to this scheme, activation of 

postsynaptic AMPA or NMDA receptors can be determined by the kinetics of fusion pore 

opening and the release profile of glutamate. In young nerve terminals neurotransmitter 

release occurs through a narrow fusion pore leading to exclusive activation of NMDA 

receptors as they have a higher affinity for glutamate. Synapse maturation in turn leads to 

an increase in preponderance of full fusion events thus activating NMDA as well as 

AMPA receptors. An alternative model suggests that immature synapses do not readily 

respond to action potential stimulation leading to a full presynaptic neurotransmitter 

failure due to some inadequacy in fusion competence or localization of synaptic vesicles 

or VDCC. This model is consistent with the previously discussed findings on the gradual 

reorganization of synaptic vesicle clusters after synaptogenesis. In a recent study, Shumin 

Duan and colleagues showed that a burst of action potentials can rapidly awaken these 

silent synapses by increasing the availability of synaptic vesicles for fusion through 

BDNF-triggered presynaptic actin remodeling mediated by the small GTPase Cdc42 

(Shen et al., 2006).  

In most synapses the initial structural assembly and functional unsilencing is 

followed by a gradual maturation process that typically involves alterations in short-term 

plasticity. Studies conducted in acutely isolated brain slices have described functional 

alterations that are solely of presynaptic origin. One finding of these experiments was an 

apparent decrease in release probability during synaptic development. This result is rather 

surprising, given the prevalent structural observation that the number of vesicles within a 

synapse increases during maturation implying an increase in synaptic reliability and 
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release. Another interesting observation in cortical, as well as hippocampal mossy fiber 

synapses, is target-dependent alterations in short-term and some long-term forms of 

plasticity during the course of development. Cellular mechanisms underlying these 

developmental changes in short-term plasticity are postulated to involve altered Ca2+ 

dependence of fusion and regulation of vesicle mobilization in presynaptic terminals. It is 

tempting to speculate that synaptic cell adhesion molecules either individually or in 

combination may regulate these target specific functional alterations in the output of 

single neurons. 

As exemplified by the presynaptic unsilencing process discussed above, several 

aspects of synaptic functional maturation during early development can be influenced by 

activity and neuromodulators. Most neuronal networks exhibit spontaneous action 

potential firing patterns and synaptic potentials in the absence of extrinsic influences. The 

background activity that arises from the properties of individual neurons and their 

characteristic synaptic connections has been shown to be critical for the refinement of 

synaptic connectivity within the nervous system. Most of the signaling cascades that play 

a role in synapse maturation can be physiologically activated or regulated by the 

background activity. These include several signal transduction pathways, including Ca2+-

signaling mechanisms and the activation of protein kinase C (PKC) and protein kinase A 

(PKA). For example, direct involvement of cAMP-dependent signaling in synaptic 

development was demonstrated in hippocampal slices, as well as at the level of individual 

synapses in culture. Activation of Ca2+, cAMP or diacylglycerol second messenger 

cascades can be triggered either directly by neuronal activity through Ca2+ influx or 

indirectly by the release of glutamate and activation of metabotropic glutamate receptors.  
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Recent studies have shown that chronic alterations in spontaneous activity levels 

modify several synaptic properties including the size of postsynaptic responses, 

probability of neurotransmitter release, the number of synapses as well as recycling 

properties (as discussed in Chapter 4). These experiments strongly support a role for 

background activity in regulating the proper functional maturation of individual synapses. 

Although activity is an indispensable component of synaptic development, the 

mechanism through which it influences synapse maturation and the elimination process is 

still elusive.  

1.7 Different modes of synaptic vesicle release: synchronous, asynchronous and 

spontaneous  

Temporal precision of synaptic transmission is an essential component of 

information processing and plasticity of neuronal networks. It requires close coupling 

between excitation and secretion, which is achieved through tight regulation of 

intraterminal calcium concentrations. Upon single action potential stimulation 

neurotransmitter release displays two kinetically distinct parts. The larger fraction of the 

release occurs in synchrony with action-potential-triggered Ca2+ entry; however, a 

delayed release persists (also called asynchronous release) even after tens of 

milliseconds. Asynchronous release plays an even more prominent role during trains of 

action potentials as synchronous release diminishes asynchronous release increases. 

Increased sensitivity of asynchronous component to calcium chelators such as EGTA-

AM led to the proposal that saturation of presynaptic calcium buffers and resulting built-

up of presynaptic Ca2+ concentration might be the main driving force for the 

asynchronous component.  
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Synaptic fusion can also occur spontaneously; in the absence of any action 

potential, termed as “spontaneous release” or “miniature release”. This form of release 

has been instrumental in the analysis of quantal properties neurotransmission. Mini 

release is loosely regulated by calcium but a small amount persists even in the absence of 

it.  Traditionally spontaneous release has been assumed to occur due to accidental fusion 

of release ready vesicles docked in the active zone. Nevertheless, growing evidence 

points to functional significance of miniature transmission in neuronal communication, 

such as controlling dentritic protein synthesis, regulating postsynaptic receptor trafficking 

and excitability (Sutton et al., 2006, Pare et al., 1998). Previous studies from our group 

has suggested that spontaneously release is carried out by a different set of synaptic 

vesicles. A similar premise has been suggested for asynchronously releasing vesicles as 

well (Wolfel et al., 2007). According to this scheme, intrinsic differences in the release 

properties synaptic vesicles (perhaps due to differences in protein or lipid content) 

determines their mode of fusion i.e., synchronous, asynchronous or spontaneous. An 

alternative hypothesis argues that it is not the intrinsic properties but the distance to 

VDCC that determines the kinetics of release (Wadel et al., 2007). Both hypothesis might 

be reconciled if the distance vesicles from VDCC is somehow determined by their 

composition, such that the vesicle might contain certain proteins might be able to dock in 

the vicinity of Ca channels but others might be localized further away from it. It is clear 

that we have currently have a very limited knowledge about the heterogeneities of 

vesicles and active zones.    

1.8 Different modes of vesicle recycling  
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 Following fusion, synaptic vesicles may follow two distinct courses; either fusion 

occurs till a complete collapse or vesicles exocytose its contents through a restricted pore 

and retrieved without loss of identity, called ‘kiss and run’. If complete fusion occurs, the 

vesicular proteins are retrieved through a clathrin-dynamin dependent pathway from the 

periphery of synapses in tens of seconds. However kiss and run mode occurs more 

rapidly and these vesicles could be ready to re-use within tens of milliseconds. The two 

pathways are suggested to dominate at different frequencies of stimulations.  

 

 

 Figure 1.4: Synaptic vesicle recycling and replenishment. Following fusion, 
synaptic vesicles could follow different pathways. Similarly, replenishment of fused 
vesicles could also occur from different sources  
 

 In response to repetitive stimulation, synaptic transmission could be maintained 

by vesicles of two differing source. First, fused vesicles can be rapidly recycled and re-

used, second, new vesicles from reserve pool rapidly replenish fused vesicles. As 

explained in further detail in chapter 4 the source of replenishment differs in different 

brain regions and subject to homeostatic adaptations.  
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CHAPTER 2 

NEURONAL CELL ADHESION MOLECULES 
 

2.1 Background: Adhesion molecules and synapse function 

   Neuronal communication is mainly carried out by neurotransmitters and post-

synaptic receptors. However, a growing body of evidence indicates that signaling could 

also be mediated by adhesion molecules that span the synaptic cleft. These molecules 

interact in hetero- or homophilic fashion to connect two sides of synapses Nevertheless 

they are not mere static structural elements but change dynamically to regulate 

functioning and formation of synapses through interaction with intracellular elements and 

other adhesion molecules. A large body of work implicated importance of adhesion 

molecules in synapse formation, validation and plasticity. We focused our attention on 

the heterophilic adhesion complex between neurexin and neuroligin, dystroglycan and 

homophilic cell adhesion molecule SynCAM. We systematically characterized the role of 

these molecules in synapse formation and function. Our assays are mainly based on an 

overexpression system in dissociated cultures and morphological as well as 

electrophysiological evaluation of phenotype. We also analysed available knock-out or 

knock-in mutant mice.  
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Figure 2.1: Summary diagram of analysed molecules with their localizations and 
interactions.  
 
2.2 Neurexins regulate inhibitory synapse formation and/or function cell 

autonomously 

Neurexins are neuronal surface proteins initially identified as one of the receptors 

for α-latrotoxin, a component of black widow spider’s venom. Due to fusion stimulating 

activity of α-latrotoxin, neurexins are initially presumed to be localized on the 

presynaptic terminals. Following studies from our group indicated that there are three 

neurexin genes (Nrxn1-3) each of which contains two promoters to encode α and 

β−neurexin transcripts. α−neurexins contain large extracellular domain and interact with 

dystroglycans as well as some splice variants of neuroligins, on the other hand 

β−neurexins are much smaller, both isoforms share a common cytoplasmic tail.  
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Figure 2.2: Domain structure of neurexins. Domain structure and alternative splicing 
sites (numbers and arrows) are summarized for α and β-neurexins. CH represents 
carbohydrate attachment site. (Missler et al., 1998) 

 

The α –neurexin isoform is composed of three repeats of epidermal growth factor 

like sequence (EGF), each of which flanked by two LNS domains (Laminin A, Neurexin, 

and Sex hormone binding globulin), whereas β-neurexins contain only a single copy of 

LNS domain. Alternative splicing of neurexins can potentially produce more than a 

thousand of isoforms, indicating the possibility of synaptic specificity of connections. 

Deletion of all three copies of α-neurexins result in dysfunctional synaptic exocytosis and 

knock-out animals die soon after birth.  

Results 

2.2.1 Analysis of neurons with neurexin-2 cytoplasmic tail deletion  

Although initial characterizations of α-neurexins are performed, the function of β-

neurexins has remained elusive due to lack of tools to study its functions. In the following 

set of experiments we characterize neurons lacking neurexin 2-α/β cytoplasmic tail. In 

these neurons all neurexin-2 gene products is expected to be absent from the neuronal 

surface. The neurexin-2 C-tail deletion mouse is generated by deleting the last exon of 

the neurexin-2 gene that encodes the transmembrane as well as the cytoplasmic portion. 
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These mice are lethal (typically die soon after birth) depending on the background 

(Figure 2.3 A-B) of breeding, suggesting that lack of the protein can be compensated in 

certain mice species. We used FM imaging and electrophysiology on dissociated cortical 

cultures to investigate effects of this deletion on synaptic function. 

As shown in Figure-2.3 (C-D), FM analysis revealed no significant difference in terms of 

kinetics between Nx2ΔC and WT synapses of neurons prepared from littermate animals.  

However, there was a slight decrease in the vesicle pool size in Nx2ΔC synapses. We 

also analyzed spontaneous quantal “miniature” release frequency and response field 

evoked stimulation. Evoked response revealed no difference between two kinds of 

cultures in terms of depression kinetics at 1-Hz and 10-Hz stimulations, recovery speed, 

sucrose stimulation (Figure 2.3 E-K and data not shown). Surprisingly, however, mini-

frequency showed a significant increase. 
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Figure 2.3: Analysis of Nx2ΔC mice. (A) the strategy for the generation of the mice. (B) 
Survival analysis. (C-D) Analysis of vesicle recycling properties by FM 1-43 dye. (E-K) 
Electrophysiological characterization of spontaneous miniature and evoked release 
properties.  

 

2.2.2.Analysis of neurexin overexpression 
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Analysis of Nx2ΔC animals revealed the importance of intact neurexin-2 

molecule for survival but gave us very limited knowledge about its mechanism of 

function. In order to gain further insights into the role of neurexins in neurons we 

performed a series of complementary experiments. The approach is to overexpress 

neurexins acutely using transfection in dissociated hippocampal cultures and we assess 

their effect using immunofluorescence and electrophysiology. 

2.2.2.1 Neurexin α and β isoforms impair evoked IPSCs independent of 

neuroligins 

Preliminary experiments from our group indicated that neurexin-β overexpression 

in neurons cause dramatic inhibition of IPSCs. We showed that the overexpressed 

neurexin makes it to the cell surface intact, as quantified by staining against N-terminal 

Flag (Figure 2.4 A). We also tested whether neurexin-α also has similar effects on IPSC 

as neurexin-1β. Then we performed several experiments to understand the mechanisms of 

the eIPSC inhibition. First, we tried to rescue this effect by co-expressing neuroligin on 

the premise that perhaps the effect is mediated by blockade of neuroligin activity. 

Secondly we tested this effect on neuroligin KO background. The results are summarized 

below, basically neurexin-α is as effective in term of decreasing IPSC size (Figure 2.4 D-

E), and this effect can be rescued by overexpression of neuroligin-2 but not neuroligin-1 

(Figure 2.4 B-E). Nevertheless, this inhibitory effect may still not be mediated by 

blockade of neuroligin-2 activity since we could still observe the effect in cultures 

prepared from neuroligin-2 KO animals. (Figure 2.5 A-E)    
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Figure 2.4: Neurexin overexpression. (A) Shows that exogenously expressed 
neurexin1-β could be observed on the neuronal cell surface, staining is performed against 
the N-terminal Flag epitope on neurexin inserted after the signal peptide. (B-E) The effect 
of neurexin 1β and neurexin 1α on evoked IPSC size. This effect could be reversed by 
co-expression of neuroligin-2 but not neuroligin-1. Last row shows that neuroligin-2 
itself has IPSC boosting effect.  
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Figure 2.5: Effect of neurexin overexpression in NL2 background. (A-B) Deletion of 
NL2 does not lead to significant changes in inhibitory synapse function. (C-E) 
Overexpression of neurexin 2β in dissociated cortical cultures prepared from NL2 kncok-
out mice gives similar results as overexpression in wild type cultures.  

 

2.2.2.2 Immunofluorescence analysis of neurexin overexpressing neurons 

The decrease in IPSC could be due to either because of decreased number of 

inhibitory synapses onto the neurexin overexpressing neurons, or alternatively the 

properties of these synapses are altered, such as release probability or receptor number.  

In order to distinguish between these possibilities, we performed light microscopic 

analysis of neurexin overexpressing neurons and we quantified the number as well as size 
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of inhibitory and excitatory synaptic markers; VGAT and VGlut respectively. Neurons 

are transfected at 10 DIV with neurexin and actin-GFP or control (actin-GFP alone) 

plasmids and fixed to be stained at 14-15 DIV. Immunofluorescence analysis revealed no 

significant differences in terms of size and density of excitatory VGlut staining, as well 

as spine properties (Figure 2.6). We observed a slight but significant decrease in numbers 

of VGAT stained puncta. Nevertheless this decrease is unlikely to completely account for 

the effect eIPSC, indicating possible changes other parameters. (Figure 2.6 E-H)  
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Figure 2.6: Light microscopy analysis of neurexin overexpression cultures.  Neurons 
are transfected with either neurexin 2β + actin-GFP or actin-GFP alone. At 10 DIV. 4 
days later they are fixed and stained for VGlut and VGAT.  Quantification of 
fluorescence showed that there is no significant change in spine size, number or VGlut 
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pincta size and number (A-D). There was however small but significant decrease in the 
size and number of VGAT puncta. (E-H)   
 
2.2.2.3. Effect of exogenously applied IgNx  

As indicated above neurexin overexpression did not effect excitatory synapses, 

indicating that affect on inhibitory synapses are specific and not due to a toxic side effect 

of transfection. In order to further confirm that the phenotype we observed by neurexin 

transfection was not due to an artifact of overexpression we adopted an independent 

approach to enrich neurexin on neuronal cell surface. We purified Ig-coupled neurexin 

extracellular domains and incubated the neurons in it at a 1μM concentration for 4 days. 

At the end of incubation we assessed evoked eIPSC and eEPSC current size. In 

accordance with the transfection analysis, Ig-neurexin incubated neurons displayed 

specific decrease in evoked eIPSC size but not evoked eEPSC compared to IgC control 

incubated neurons. (Figure 2.7) 

2.2.3 Summary 

 Our results from Nx2ΔC mice characterization and neurexin overexpression 

analysis could be summarized as follows. 

• Neurexin-2 is necessary for survival, although basic synaptic functions are not 

affected in its absence. 

• Overexpressed neurexin molecules could sparsely localize on cell surface of 

transfected neurons. 

• Neurexin - α/β overexpression causes a cell autonomous impairment of inhibitory 

synapses, a finding previously unpredicted.  

• The decrease in IPSC is not solely due to a decrease in inhibitory synapse numbers, 

and not mediated through neuroligins.  
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• Incubation of dissociated neurons with extracellular domain of purified neurexins is 

sufficient to reduce evoked IPSC currents.  

 

 

 

Figure 2.7: Incubation of dissociated neurons with IgNx. Dissociated neurons are 
incubated in the presence of 1 μM Ig-Nx1β extracellular domain for 4 days (10 DIV-14 
DIV). At the end of incubation neurons are subjected to whole cell recordings, evoked 
EPSC and IPSC sizes are quantified.    
 

2.3 Neuroligins, postsynaptic effectors of neurexins.  

On the postsynaptic side, neurexins interact with neuroligins to form a  

transsynaptic adhesion complex. Neuroligins (NLs) are single membrane spanning 

synaptic cell adhesion molecules implicated to have a role in synapse formation and 
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specification. NLs were discovered as receptors of neurexins and this interaction is 

regulated by alternative splicing of both neurexins and NLs. (Ichtchenko et al., 1995; 

Boucard et al., 2005) Mutations in NL genes are found in patients with familial autism-

spectrum disorders (Jamain et al., 2003). On the intracellular side, NLs interact with 

PSD-95 in a PDZ domain dependent manner (Irie et al., 1997). NLs, when expressed in 

nonneuronal cells, induce formation of synapses by cocultured neurons, probably via a 

trans-synaptic interaction with presynaptic α- and β-neurexins (Scheiffele et al., 2000). In 

support of a central role of neurexins in the synapse-inducing activity of NLs, expression 

of neurexins in nonneuronal cells elicits formation of postsynaptic specializations by 

cocultured neurons onto these cells (Graf et al., 2004; Nam and Chen, 2005). Moreover, 

overexpression of NLs in neurons increases synapse density as evaluated 

morphologically, although the functions of these synapses were not studied (Dean et al., 

2003; Graf et al., 2004; Chih et al., 2006; Prange et al., 2004 and Levinson et al., 2005). 

Overall, these results established that NLs perform a synaptic function and gave rise to 

the hypothesis that NLs function in the initial establishment of synapses (reviewed in 

Cantallops and Cline, 2000; Hussain and Sheng, 2005; Levinson and El-Husseini, 2005).  

 

 

 

Figure 2.8 Domain structure of neuroligins. (Boucard et al., 2005) 

 

 

 35



 

 

2.3.1 Neuroligin action requires neuronal activity 

The neuronal culture experiments are also consistent with an alternative 

hypothesis for the functions of NLs, namely that NLs specify and validate synapses 

instead of mediating their initial establishment. In this context, we mean for synapse 

specification and validation to refer to the process that instructs synapses to become 

excitatory or inhibitory, stable or transient, facilitating or depressing—in short, the 

process that directs the functional development of synapses after establishment of the 

initial contact. In neuronal cultures, transient synapses are probably constantly formed in 

an NL-independent manner, and their numbers may appear to be increased by NLs if NLs 

functionally validate them. Even in the artificial synapse-formation assay, nonneuronal 

cells elicit formation of transient synapses from cocultured neurons without NLs 

(Biederer et al., 2002, Boucard et al., 2005 and Scheiffele et al., 2000), and may appear to 

be initiated by NLs even if NLs act only after synapse initiation. Indeed, results from 

knockout (KO) mice demonstrated that neither NLs nor α-neurexins are required for the 

initial formation of synapses, but both are essential for synaptic function and mouse 

survival (Missler et al., 2003 and Varoqueaux et al., 2006). Thus, an open issue is 

whether NLs function in the initial establishment or the validation and specification of 

synapses. We addressed this issue in cultured neurons by testing whether NLs induce an 

increase in synapse numbers by prompting their initial formation, or induce such an 

increase by acting downstream of synapse initiation at a later, activity-dependent step. 
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  A second open issue, related to the question of whether NLs are involved in 

establishing or in specifying and validating synapses, concerns the differential roles of 

neuroligin-1 (NL1) and neuroligin-2 (NL2) in excitatory versus inhibitory synapses. NL1 

is predominantly localized to excitatory, and NL2 to inhibitory, synapses (Song et al., 

1999, Varoqueaux et al., 2004 and Graf et al., 2004), and overexpression of NL1 

enhances excitatory synapse numbers, whereas overexpression of NL2 enhances 

inhibitory synapse numbers (Prange et al., 2004 and Chih et al., 2005). These 

observations indicated that expression of distinct NLs may regulate the 

excitatory/inhibitory balance (Levinson and El-Husseini, 2005). A surprising set of recent 

data suggested, however, that alternative splicing of NL1 and NL2 may alter their 

specificity for excitatory versus inhibitory synapses (Chih et al., 2006). This result would 

be consistent with the observation that overexpression of NL1 increased the frequency 

and amplitude of both excitatory and inhibitory spontaneous miniature postsynaptic 

currents (“minis”) (Chih et al., 2005, Levinson et al., 2005, Nam and Chen, 2005 and 

Prange et al., 2004), and that RNAi-mediated knockdown of NL1 and NL2 each 

decreased the density of both excitatory and inhibitory synapses in cultured neurons 

(Chih et al., 2005). Thus, there are two conflicting sets of data: the initial localization 

data, suggesting a principal specificity of NL1 and NL2 for excitatory versus inhibitory 

synapses, respectively (Song et al., 1999, Graf et al., 2004 and Varoqueaux et al., 2004), 

and the transfection data in cultured neurons, suggesting that such specificity arises from 

alternative splicing of NLs, and is not dictated by the principal type of NL expressed 

(Chih et al., 2005 and Chih et al., 2006). Although analysis of KO mice could potentially 

have clarified this issue, no comparisons between the effects of different NLs on 
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excitatory versus inhibitory synaptic transmission were made in these mice (Varoqueaux 

et al., 2006). Thus, the second major goal of the present study is to address this issue in 

cultured neurons. 

 To address these two open issues, we have examined three questions: (1) does 

overexpression of NL1 and NL2 in vitro result in a net increase of functional synapses 

(i.e., synapses capable of evoked neurotransmission), a change in synaptic properties, or 

even both? (2) Do NL1 and NL2 have distinct actions on excitatory versus inhibitory 

synapses in vitro and in vivo? (3) Do NL1 and NL2 promote synapse formation 

independent of activity as a synapse-inducing agent, or do they act downstream of the 

initiation of synapse formation in an activity-dependent manner? Our data demonstrate 

that NL1 specifically increases the number of functional excitatory synapses independent 

of alternative splicing, whereas NL2 specifically enhances the number of inhibitory 

synapses. We show that the effects of both NL1 and NL2 are dependent on synaptic 

signaling. NL1 action can be blocked by inhibitors of NMDARs, whereas NL2 action can 

be blocked by general inhibition of synaptic transmission. These results suggest a model 

whereby NLs validate transient synapses in an activity-dependent manner that intersects 

with postsynaptic signaling pathways. 

Results 

2.3.1.1 NL1-Induced Increase in Synapse Numbers Requires NMDAR Signaling 

To test whether the increase in synapse numbers induced by overexpression of 

NL1 (Dean et al., 2003, Graf et al., 2004, Chih et al., 2006, Prange et al., 2004 and 

Levinson et al., 2005) is constitutive or involves synaptic signaling, we overexpressed 

NL1 and control proteins in cultured neurons, and analyzed the number of synapses 
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morphologically. We cultured hippocampal neurons from newborn rats, transfected them 

at 10 days in vitro (DIV) with NL1 that was expressed as either an EGFP-tagged or an 

untagged protein and analyzed the neurons at 14–15 DIV. Except when noted differently, 

for the transfections we used splice variants of NLs that contained inserts in all splice 

sites. In these experiments, we incubated neurons from the day of transfection in either 

control medium or medium containing 50 μM AP5 (a high-affinity NMDAR antagonist) 

to test whether chronic blockade of NMDARs impairs the ability of NL1 to increase 

synapse numbers. NMDAR signaling was examined because NMDAR signaling is 

dispensable for synapse formation as such, but is required for the activity-dependent 

shaping of synaptic circuits (Feldman et al., 1999, Perez-Otano and Ehlers, 2005 and 

Skuse et al., 1997), and because NMDARs are connected to NL1 in that both bind to 

PSD-95 (Irie et al., 1997, Kornau et al., 1995 and Niethammer et al., 1996). 

Transfection of NL1-EGFP, but not EGFP alone, caused an 100% increase in the 

spine and synapse density of the transfected neurons, as reported previously (Chih et al., 

2004 and Boucard et al., 2005), but had no significant effect on synapse size (Figure 2.9 

A). AP5 reversed the increase in synapse density in neurons expressing NL1, but had a 

much smaller effect on synapse density in control-transfected neurons (Figures 2.9 B and 

C). Chronic AP5 treatment did not alter the expression levels of NL1 or its targeting to 

postsynaptic spines, suggesting that AP5 treatment directly interferes with the functional 

action of NL1 on synapses.  

2.3.1.2 NL1 Causes an NMDAR-Dependent Increase in Excitatory Synaptic 

Transmission 
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To test whether the morphologically observed increase in synapse density 

corresponds to an increase in synaptic function, we monitored the effects of NL1 on 

synaptic transmission. Previous studies showed that NL1 overexpression increases the 

frequency of spontaneous minis, suggesting that the additional synapses induced by 

overexpressed NL1 may be functional (Chih et al., 2005 and Prange et al., 2004). 

However, synaptic information is normally transferred by evoked transmission, whose 

relationship to spontaneous mini events is complex (e.g., see Pang et al., 2006 and 

Dityatev et al., 2000, also see Chapter 5). To clarify whether NL1-induced synapses are 

functional, we performed whole-cell voltage-clamp patch recordings of neurons 

expressing NL1 or control proteins, and monitored excitatory postsynaptic currents 

(EPSCs) induced by local extracellular stimulation (Maximov and Sudhof, 2005 and 

Maximov et al., 2007). Action potentials in the patched neuron were blocked with QX-

314, and recordings were performed with picrotoxin in the bath to abolish GABAAR-

mediated events. AMPAR- and NMDAR-mediated EPSCs were measured at −70mV and 

+40mV holding potentials, respectively, in the presence of external Mg2+. In these 

experiments, AMPAR- and NMDAR-dependent responses could be reliably resolved 

because the peak of AMPAR-mediated EPSCs occurs 2 ms after stimulation, whereas 

that of NMDAR-mediated EPSCs occurs 50 ms later (Poncer and Malinow, 2001 and 

Maximov et al., 2007). 

NL1-EGFP expression caused a 50% increase in AMPAR-mediated EPSCs, an 

100% increase in NMDAR-mediated EPSCs, and a 40% increase in the 

NMDAR/AMPAR ratio (Figures 2.9-D and E). Chronic blockade of NMDARs with AP5 

reversed the action of NL1-EGFP on AMPAR- and NMDAR-mediated EPSCs and the 
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NMDAR/AMPAR ratio, but had little effect on control neurons expressing EGFP alone 

(Figures 2.9D and E). Chronic treatment with AP5 again specifically reversed the effect 

of NL1. Since it was recently suggested that the relative effects of NLs on excitatory 

versus inhibitory synapses may be regulated by alternative splicing (Chih et al., 2006), 

we also tested different splice variants of NL1. We found, however, that all NL1 splice 

variants lacking inserts in sites A, B, or both had similar activities on EPSCs as NL1 

containing inserts (Figures 2.9-F and G). 
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Figure 2.9: Chronic NMDAR Block Suppresses NL1-Induced Increase in the 
Number of Functional Excitatory Synapses 
(A) Representative images of hippocampal neurons transfected with NL1-EGFP or EGFP 
alone, cultured in the presence or absence of 50 μM AP5 for 4 days. Neurons were 
visualized by EGFP fluorescence (green) and immunolabeling with antibodies to the 
dendritic marker MAP2 (blue) and the presynaptic marker synapsin (red). For each 
sample, the EGFP image is shown on the left, whereas the merged image for EGFP, 
MAP2, and synapsin is shown on the right. 
(B and C) Quantitative analyses of synapse numbers (B) and size (C) in neurons 
expressing EGFP or EGFP-tagged NL1, treated with either control medium or AP5. For 
an analysis of GABAergic synapses specifically, see Figure S2. 
(D) Representative electrophysiological recordings of evoked NMDAR- and AMPAR-
dependent EPSCs in neurons transfected with EGFP or NL1-EGFP with or without 
NMDAR blockade by AP5. Recordings were made in the absence of AP5. 
(E) Amplitudes of AMPAR- and NMDAR-dependent EPSCs and the NMDAR/AMPAR 
ratio in neurons transfected with EGFP or NL1-EGFP with and without chronic AP5 
treatment. 
(F and G) Representative traces (F) and summary graphs (G) of electrophysiological 
recordings of AMPAR-dependent EPSCs in neurons transfected with control vector or 
vectors expressing all four alternative splice variants of NL1 (Boucard et al., 2005). 
Data shown in (B), (C), (E), and (G) are means ± SEMs. n = 3 independent experiments 
with six to ten neurons per experiment and condition; asterisks indicate statistically 
significant differences; *p < 0.05; **p < 0.01; ns, not significant. In all experiments in 
this and all following figures, the NL splice variant analyzed corresponds to the variant 
with inserts in all sites of alternative splicing except when indicated otherwise.  

 

2.3.1.3 NL1 Action Is Specific for Excitatory Synapses  

Does NL1 boost the numbers and strength of all synapses, or specifically act only 

on glutamatergic synapses? To address this question, we examined whether NL1 

overexpression alters the size of inhibitory synaptic responses (Figure 2.10).  
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Figure 2.10: NL1 Expression Does Not Alter IPSCs: Effect of Chronic NMDAR 
Blockade and Alternative Splicing 
Sample traces (A) and summary graphs (B) of IPSCs recorded from neurons expressing 
only EGFP or EGFP-tagged NL1 cultured either in control medium or in medium 
containing 50 μM AP5 for 4 days prior to the recordings. (C and D) Alternative splicing 
of NL1 does not enable NL1 to increase inhibitory synaptic function. IPSCs were 
monitored in 50 μM AP5 and 10 μM CNQX. Means ± SEMs; n = 18 cells from three 
cultures; asterisks represent statistically significant differences; **p < 0.01; ns, not 
significantly different.  
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We recorded evoked inhibitory postsynaptic currents (IPSCs) in NL1-EGFP- and EGFP-

only-expressing neurons (Figure 2.10). Overexpression of NL1 did not significantly alter 

the size of evoked IPSCs, suggesting that, consistent with its localization (Song et al., 

1999), NL1 specifically acts only on excitatory synapses (Figures 2.10A and B). 

Moreover, chronic AP5 treatment did not alter the size of the IPSCs in control EGFP- or 

in NL1-EGFP-expressing neurons. We also systematically tested all splice variants of 

NL1 because it was suggested, based on antibody staining, that some splice variants of 

NL1 may increase inhibitory synapse numbers (Chih et al., 2006). We observed that 

some NL1 splice variants induced a small but statistically significant decrease in the 

amplitude of the IPSCs. However, in these experiments no NL1 splice variant induced an 

increase in the IPSC amplitude (Figures 2.10-C and D).  

2.3.2.4 NL2 Enhances Inhibitory, but Not Excitatory, Synaptic Function 

To test whether the differential localizations of NL1 and NL2 to excitatory and 

inhibitory synapses, respectively, reflect distinct functions, we examined the effects of 

NL2 on synapse numbers and evoked synaptic responses in transfected neurons (Figure 

2.11 and 2.12). Overexpression of NL2 caused a moderate increase in synapse numbers, 

mostly on dendritic shafts (Figures 2.11 and 2.12 A-B), and resulted in the increased 

formation of thin filopodia, many of which lacked associated presynaptic terminals. 

Strikingly, NL2 had no significant effect on the amplitudes of AMPAR- or NMDAR-

dependent evoked EPSCs (Figures 2.12-C–F), but produced a 50% increase in IPSC 

amplitudes compared with neurons expressing EGFP alone (Figures 2.12-G and H). 
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Thus, NL2 selectively enhances inhibitory synaptic function, consistent with its 

localization. 

 

 

  

 
Figure 2.11: NL2 expression in hippocampal neurons. Representative images of neurons 
expressing EGFP or NL2-Venus. Image acquisition was done using GFP filter in both cases of 
EGFP and NL2-Venus. Every condition is represented by two images: the left image displays the 
EGFP fluorescence (green), and the right image the merged pictures of the EGFP fluorescence 
(green) and of immunocytochemistry for MAP2 (blue) and synapsin (red). Calibration bar in left 
panels applies to all panels. 
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Figure 2.12: NL2 Selectively Enhances Inhibitory Synaptic Function 

Hippocampal neurons were transfected with NL2-Venus or EGFP, and cultured in the 
presence or absence of 50 μM AP5 for 4 days. 
(A and B) Summary graphs of the quantitative analysis of synapse numbers (A) and size 
(B) in neurons expressing EGFP or NL2-Venus, treated with either control medium or 
AP5.  
(C) Representative electrophysiological traces of evoked NMDAR- and AMPAR-
dependent EPSCs in neurons transfected with EGFP or NL2-Venus with or without 
NMDAR blockade. 
(D) Amplitudes of AMPAR- and NMDAR-dependent EPSCs and the NMDAR/AMPAR 
ratio in neurons transfected with EGFP and NL2-Venus with and without chronic AP5 
treatment. 
(E–H) Effect of chronic treatments with AP5, with and without CNQX and picrotoxin, on 
evoked EPSCs (E and F) and IPSCs (G and H) in NL2-overexpressing neurons. Panels 
show sample traces (E and G) and summary graphs (F and H). Neurons were transfected 
at 10 DIV and incubated in 50 μM AP5 with or without 10 μM CNQX and 50 μM 
picrotoxin for 4 days. IPSCs were monitored in 50 μM AP5 and 10 μM CNQX. 
Data shown in (A), (B), (D), (F), and (H) are means ± SEMs. n = 3 independent 
experiments with six to ten neurons per experiment and condition; asterisks indicate 
statistically significant differences; *p < 0.05; **p < 0.01; ns, not significant.  
 

Chronic AP5 treatment did not cause a significant change in EPSCs or IPSCs in 

control- or NL2-transfected neurons (Figures 2.12-E–H). However, chronic inhibition of 

all neuronal network activity by treatments with 6-cyano-7-nitro-quinoxaline-2,3-dione 

(CNQX) (an AMPAR inhibitor) and picrotoxin (a GABAAR inhibitor, included to block 

chronic hyperpolarization) suppressed the NL2-induced increase in IPSCs. Again, this 

treatment had only a slight effect on EPSCs (Figures 2.12-E–H). Thus, similar to the 

NL1-induced increase in excitatory synaptic function in cultured neurons, the NL2-

induced increase in inhibitory synaptic function is activity dependent.  

2.3.1.5 Deletion of NL1 does not alter synaptic transmission in dissociated cultures 

We analyzed EPSCs in cultured neurons prepared from littermate wild-type and 

NL1 KO mice to test whether the deletion of NL1 alone would induce a change in 
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synaptic strength. However, we found that the NL1 deletion had no effect on EPSC size 

in dissociated cultures. To test whether this result occurs because the amount of synaptic 

network activity is insufficient to reveal a contribution of endogenous NL1 to activity-

dependent synapse modulation, we investigated the effect of chronic treatments with 

picrotoxin (to activate spontaneous EPSCs), AP5, or a combination of picrotoxin and 

AP5 on EPSCs in cultured neurons (Figure 2.13). The chronic picrotoxin treatment in this 

experiment is expected to enhance the excitatory drive in the culture, which might reveal 

differences between NL-1 KO and wild-type neurons as a function of AP5. However, we 

observed no differences between wild-type and KO neurons, disproving this hypothesis.  

 

 

Figure 2.13: Effect of chronic picrotoxin (PTX) and AP5 treatments on AMPA- and 
NMDA-receptor 
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mediated EPSC amplitudes in cultured neurons from wild-type and NL1-KO mice. 
(A) and (B), and (C) and (D). Sample traces (A and C) and summary graphs (B and D) of 
AMPA-EPSCs (A and B) and NMDA-EPSCs (C and D). Cultured neurons were prepared 
from newborn NL1-KO or littermates control mice, and incubated in 50 μM AP5 ± 10 
μM CNQX and 50 μM PTX at DIV-10 to block all activity; recordings were performed at 
14-15 DIV. EPSCs were measured in 50 μM PTX at a -70 mV (A and B) or +40 mV 
holding potential (C and D). AP5 or AP5 + PTX treatment significantly reduced AMPA-
EPSC size in wildtype neurons but not in NL1-KO neurons. [For B: Wild type: Mock 
treated = 1608.86 ± 116.78 pA, n = 22; PTX treated = 1504.5 ± 116.96 pA, n = 21; AP5 
= 1266.17 ± 89.76 pA, (p = 0.032) n = 20; AP5 + PTX treated = 1252.64 ± 121 pA, (p = 
0.043) n = 20; NL1 knock-out: Mock treated = 1546.38 ± 145.45 pA, n = 
18; PTX treated = 1541.25 ± 113.7 pA, n = 16; AP5 = 1405. 7 ± 91.9 pA, n = 14; AP5 + 
PTX treated = 1350.33 ± 133.76 pA, n = 16. For D: Wild type: Mock treated = 721.13 ± 
63.9 pA, n = 22; PTX treated = 797.5 ± 62.8 pA, n = 21; AP5 = 500.88 ± 39.7 pA, (p = 
0.009) n = 20; AP5 + PTX treated = 492.64 ± 42,3 22 pA, (p = 0.0082) n = 20; NL1 
knock-out: Mock treated = 642.5 ± 64.48 pA, n = 18; PTX treated = 676.25 ± 69.09 pA, 
n = 16; AP5 = 554.64 ± 46.9 pA, n = 14; AP5 + PTX treated = 615.66 ± 73.8 pA, n = 16.]  
 

2.3.1.6 NL1 / NL2 DKO mice does not exhibit LTP deficiency  

The results above suggest a link between increased NMDA currents and NL1 

overexpression and decreased NMDA currents in NL1 in slices from knock-out animals 

(data not shown). NMDA currents has long been known to be involved in LTP induction. 

Therefore we wanted to test whether NLs have any role in LTP formation.  

To test this idea we made slices from NL1/2 DKO and their wild-type littermates 

and stimulated with high frequency (100Hz 1s 4-times 20s intervals) and measured the 

change in the post synaptic potential slope. As shown in Figure 2.14 there was no 

significant abnormality in knock-out slices in terms if LTP induction. It could be due to 

the protocol we used or the presence of NL3 isoform is enough to compensate the lack of 

other isoforms. Another possibility is that since NL1 and NL2 might be performing 

opposite functions (i.e. excitatory and inhibitory), lack of both molecules at the same time 

might have hindered the phenotype that single knockouts might have had.   
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Figure 2.14: Deletion of NL1/2 does not lead LTP deficiency in hippocampal slices 

2.3.2 Summary 

Using a combination of quantitative morphological analyses and 

electrophysiological measurements, we show that NL1 overexpression increases the 

number of excitatory synapses, and that these “new” synapses are functional (Figure 2.9). 

NL1 acts selectively, as it does not increase the number of inhibitory synapses (Figure 

2.10). The effect of NL1 on synapse specificity is not altered by alternative splicing 

(Figure 2.9). In contrast to the selective action of NL1 on excitatory synapses, NL2 

specifically increased the number of inhibitory synapses (Figure 2.12). In view of their 

high degree of sequence homology, it is surprising that NL1 and NL2 act so selectively in 

enhancing synapse function. NL1 not only increased excitatory synaptic transmission but 

also altered the properties of excitatory synapses since the NMDAR/AMPAR ratio was 

potentiated by NL1.  These results extend previous studies showing that NL 
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overexpression increases synapse numbers (Dean et al., 2003, Graf et al., 2004, Chih et 

al., 2006, Prange et al., 2004, Boucard et al., 2005 and Levinson et al., 2005) by 

demonstrating that the added synapses are actually functional. Importantly, these results 

resolve the question of the specificity of NL1 and NL2 action by demonstrating that in 

vitro and in vivo, NL1 and NL2 act in a surprisingly selective manner, independent of 

alternative splicing, on either only excitatory or only inhibitory synapses, respectively. 

The increase in synapse numbers induced by NL overexpression could be 

explained by at least two principally different hypotheses: (1) NL1 and NL2 selectively 

induce the formation of new excitatory and inhibitory synapses, respectively; or (2) NL1 

and NL2 mediate the activity-dependent specification and validation of initial transient 

synaptic contacts. To distinguish between these two hypotheses, we investigated the 

effect of blocking synaptic activity on the synapse-enhancing action of NLs. We found 

that the NL1-induced increase in the number of functional excitatory synapses in cultured 

neurons was blocked by chronic treatment of the neurons with AP5, an NMDAR 

inhibitor (Figure 2.9). In specifically reversing the action of NL1, AP5 had no effect on 

the expression level or synaptic localization of NL1, and thus interfered with the local 

action of NL1 in synaptic spines. Although the increase in inhibitory synapses by NL2 

was not altered by AP5, it was blocked by silencing general synaptic activity using 

CNQX and picrotoxin (Figure 2.12). The reversal of the effects of NL1 or NL2 

expression by blockade of synaptic signaling—without altering the expression or 

localization of NL1 or NL2—indicates that NLs do not mechanically nucleate synapse 

formation, but rather require synaptic activity. 

 52



Based on present and previous results, we proposed a model suggesting that NLs 

contribute to the activity-dependent specification and validation of synapses. In addition 

to the current data, this suggestion is supported by the finding that NL1 expression in 

immature neurons (in contrast to mature neurons) does not significantly alter synaptic 

activity, whereas SynCAM does (Sara et al., 2005 also see section 2.4). Moreover, 

consistent with the synapse specification and validation hypothesis, deletions of NLs 

have only a small effect on synapse numbers (Varoqueaux et al., 2006). It should be 

noted that, consistent with our results, NMDAR activity is not generally required for the 

normal formation of synapses (Gomperts et al., 2000), but is essential for the validation 

and specification of synapses. This is similar to the role we propose here for NLs, and is 

necessary for the synaptic integration of newly generated neurons in the adult dentate 

gyrus (Tashiro et al., 2006).   

What is the evidence against this model? The artificial synapse-formation assay, 

in which NL1, when expressed in a nonneuronal cell, induces synapse formation by 

cocultured neurons (Scheiffele et al., 2000), does not rule out this model; in this assay, a 

small number of synapses are also formed on control cells (Biederer et al., 2002), 

suggesting that even in the absence of a neural cell-adhesion molecule, some synapses are 

transiently formed. Thus, the artificial synapse-formation assay does not determine 

whether NL1 induces new synapses or stabilizes transient synapses. At first glance, it 

may seem puzzling that although NL1 and SynCAM have similar effects in the artificial 

synapse-formation assay, they have distinct effects in neurons.  

How does NL1 act in synapse stabilization? One hypothesis is that the 

simultaneous postsynaptic activation of NL1 by presynaptic neurexins and of NMDARs 
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by synaptic activity stimulates a signaling cascade that triggers synapse maturation. The 

coupling between activation of NL1 and NMDARs may be mediated by their common 

interaction with PSD-95 and other postsynaptic scaffolding molecules (Irie et al., 1997, 

Kornau et al., 1995 and Niethammer et al., 1996).  

Coupling synaptic function (i.e., synaptic transmission) to synaptic structure (i.e., 

trans-synaptic cell adhesion) would allow coordination of the structural and functional 

specializations of synapses, with the differential modulation of trans-synaptic 

neurexin/NL interactions providing a plausible mechanism by which different synaptic 

properties could be specified. 

In terms of neuronal circuits, the activity dependence of the synapse-boosting 

actions of NL1 and NL2 raises the question of whether synaptic activity is required for 

NL function in a global “permissive” sense, or whether NLs perform a role as a synapse-

specific activity detector. In a global permissive sense, increased activity would promote 

the actions of both NL1 and NL2 on excitatory and inhibitory synapses, respectively, 

thereby contributing to the preservation of an excitatory/inhibitory balance. As synapse-

specific activity detectors, NL1 and NL2 would contribute to the strengthening of 

particular synaptic connections dependent on their activity, and thereby contribute to the 

formation of specific circuits. Independent of which of these hypotheses is correct, it is 

clear that NLs contribute to the determination of the excitation/inhibition ratio in a neural 

circuit. This ratio is crucial for dendritic integration and neuronal computation, and 

determines whether or not that neuron will fire in a given situation. Impairments in the 

overall ratio of excitatory to inhibitory transmission are observed in neurological 
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disorders like autism-spectrum disorders, mental retardation, and epilepsy, where such 

impairments reflect pathological circuit abnormalities. 

 

2.4 Comparative analysis of Neuroligins and SynCAMs in dissociated cultures 

As a continuation of our study with NLs we also tested SynCAM; the only other 

adhesion molecule that can induce synapse formation/stabilization in co-culture assay. 

(Scheiffele et al., 2000; Biederer et al., 2002; Dean et al., 2003). SynCAM, also referred 

to as IGSF4, is an immunoglobulin (Ig) superfamily protein that is present on both 

presynaptic and postsynaptic membranes (Biederer et al., 2002). SynCAM is subject to 

developmentally regulated glycosylation and extracellularly binds to itself, thereby 

mediating the formation of homotypic transcellular junctions (Biederer et al., 2002). 

Intracellularly, SynCAM binds to CASK (calcium/calmodulin-dependent serine protein 

kinase). Thus, although NL1 and SynCAM are both cell adhesion molecules that bind to 

intracellular PDZ (PSD-95/Discs large/zona occludens-1) domain proteins, they are 

otherwise very different: they share no sequence similarity and form different types of 

intercellular junctions, namely heterotypic, Ca2+-dependent junctions for neuroligin in 

contrast to homotypic, Ca2+-independent junctions for SynCAM. 

 

 

 

Figure 2.15: Domain structure of SynCAM. It is single spanning transmembrane 
molecule that contains three repeats of Ig domains differentially glycosylated SynCAM 
also contains a C-terminal PDZ binding motif.  
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In the synapse formation assay (Scheiffele et al., 2000; Biederer et al., 2002), non-

neuronal cells expressing NL1 or SynCAM are cocultured with neurons. This induces the 

formation of presynaptic specializations onto the non-neuronal cells. However, as noted 

earlier, even in the absence of any adhesion molecules we could detect a low number of 

synapses formed onto the co-cultured non-neuronal cells. This makes it difficult to 

interpret whether the adhesion molecule tested in question induces formation or 

stabilization of synapses.  

Although the two adhesion molecules seem to give similar phenotype in artificial 

assays, their structure and distributions in neurons are not related. Furthermore is unclear 

how similar these molecules are in their synapse-inducing activity and how this activity 

relates to normal synapse formation/stabilization. In this study our goal is first 

characterize the effect of SynCAM in dissociated neurons during development and 

compare its effects to NLs.   

 

2.4.1 The impact of NL1 and SynCAM expression in hippocampal neurons  

We first probed the effect of NL1 and SynCAM on minis. We transfected 

hippocampal neurons with various expression vectors at 6 DIV and recorded spontaneous 

event frequencies at 10 DIV. Consistent with previous results (Biederer et al., 2002), we 

found that SynCAM overexpression in neurons (n = 45) at 10 DIV caused an almost 

twofold increase in the frequency of spontaneous minis. In contrast, NL1 overexpression 

had no effect on mini frequency (n = 27). The specificity of the dominant-positive action 

of SynCAM was attested by the inactivity of a SynCAM mutant (SynCAMΔIg) that lacks 

the Ig domains and is unable to undergo extracellular homophilic interactions. ECFP was 
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coexpressed as a reporter of transfection in all of the experiments, and ECFP alone also 

had no effect (p < 0.01 compared with SynCAM; n = 37) (Figure 2.16). Furthermore, the 

amplitudes of minis were identical in all of the groups (Figure 2.16 C), indicating that it is 

unlikely that higher frequency in the SynCAM group can be a result of an increased 

postsynaptic sensitivity that improves the signal-to-noise ratio and in turn increases the 

number of events detected. 

Subsequently, we examined whether the developmental stage of synapses plays a 

role in the SynCAM-induced increase in spontaneous minis. We transfected hippocampal 

neurons with SynCAM, NL1, or the ECFP alone at 8 DIV  and recorded spontaneous 

event frequencies at 14 DIV. At this time point, the mini frequency in control neurons 

was five times higher than at the earlier time point measured above, and no difference 

among control neurons (n = 13), SynCAM-expressing neurons (n = 11), and NL1-

expressing neurons (n = 16) was apparent (Figure 2.17). Because previous studies showed 

that, in the culture system used here, mature cultures have a higher number and density of 

synapses (Kavalali et al., 1999; Mozhayeva et al., 2002; Mohrmann et al., 2003), the lack 

of a SynCAM effect at 14 DIV may be a result of the limited dynamic range available for 

additional increases in spontaneous event frequency at this developmental stage (Figure 

2.16 A-B). 
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Figure 2.16: Overexpression of NL1 and SynCAM in hippocampal neurons. A, 
Representative recording traces from experiments from neurons without any previous 
treatment (control) and from the neurons transfected with SynCAM, NL1, SynCAM Ig, 
or vector. B, SynCAM-overexpressing neurons showed an almost twofold higher 
spontaneous miniature frequency (n = 45; p < 0.01), whereas other cell adhesion 
molecules (NL1, n = 27; SynCAM ΔIg, n = 27) yielded similar average frequencies with 
controls (n = 32) and vector alone (n = 37). C, Cumulative amplitude distributions were 

 58



identical for all of the groups tested. All of the recordings were done in the presence of 1 
µM TTX to isolate the spontaneous miniature events. 
 

 

Figure 2.17: SynCAM-induced increase in mini frequency is limited to immature 
synapses. A, Representative recording traces (in the presence of 1 µM TTX) obtained from 
NL1, SynCAM, or expression vector (control) transfected hippocampal neurons. B, 
Spontaneous events detected on cells transfected with SynCAM and NL1 at 8 DIV did 
not show a significant difference in their frequencies when analyzed at 14 DIV (NL1, n = 
16; SynCAM, n = 11; vector alone, n = 13). 
 
2.4.2 SynCAM specifically promotes excitatory synaptic function 

Does SynCAM uniformly promote synaptic function during synaptogenesis, or is 

this effect selective? As an initial test of this question, we tested whether SynCAM-

induced increase in spontaneous event frequency was selectively mediated by a change in 

excitatory or inhibitory events. When we examined excitatory transmission in isolation by 
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application of picrotoxin to block inhibitory events, we observed an approximately 

fourfold increase in event frequency in SynCAM-overexpressing cells (Figure 2.18). In 

contrast, isolated inhibitory events measured in the same cells after application of CNQX 

and washing out of picrotoxin displayed no significant change.  

 

Figure 2.18: SynCAM-induced increase in mini frequency is specific to excitatory 
synapses. Bar graphs depict the mean frequencies of spontaneous miniature synaptic 
events recorded in the presence of TTX. Excitatory events (left) were isolated by the 
addition of 50 µM picrotoxin to the recording medium. Inhibitory events (right) were 
recoded after the addition of 10 µM CNQX (NL1, n = 3; SynCAM, n = 7; vector alone, n 
= 6).  

 
2.4.3. The dominant-positive effect of SynCAM is mediated by its cytoplasmic tail 

The differential effects of SynCAM versus NL1 on mini frequency in transfected 

neurons suggest that these two molecules perform distinct functions in neurons, different 

from their similar activities in the artificial synapse formation assay. To dissect the 

molecular determinants of the dominant-positive effect by SynCAM (extracellular cell 

 60

http://www.jneurosci.org/cgi/content/full/25/1/260#FIG5#FIG5


adhesion versus intracellular signaling), we generated chimeric constructs in which the 

cytoplasmic tails of NL1 and SynCAM are exchanged (Figure 2.19A). We found that 

overexpression of the chimera containing the NL1 extracellular domain with SynCAM 

cytoplasmic tail in-creased mini frequency similar to SynCAM, whereas overexpression 

of the converse chimera (extracellular sequences of SynCAM with NL1 cytoplasmic tail) 

had no effect on mini frequency (SynCAM vs NL1, p < 0.001; NL1-SynCAM tail vs 

SynCAM-NL1 tail, p < 0.01) (Figure 2.19 B-C). The amplitudes of individual miniature 

events again were unaffected by the expression of any of these constructs (Figure 2.19 

D). These data indicate that the specific postsynaptic cytoplasmic interactions mediated 

by the SynCAM tail are essential for an increase in presynaptic mini frequency on the 

neurons expressing SynCAM.  

The results presented above indicate that SynCAM directly affects synaptic 

function by altering synaptic inputs and also C-tail of SynCAM plays a critical role in its 

actions. We transfected neurons to determine whether SynCAMs or related sequences are 

required for synapse formation and/or synaptic transmission. However, this time we 

examined the effect of a dominant negative fragment of SynCAM on presynaptic 

terminals (Figure 2.20). We transfected neurons with the isolated full-length cytoplasmic 

tail of SynCAM (SynCAM C-tail) or, as a control, a truncated cytoplasmic tail that lacks 

the COOH-terminal three residues (SynCAM C-tailΔ3). The isolated full-length 

cytoplasmic tail binds to intracellular PDZ-domain proteins, whereas the truncated 

cytoplasmic tail does not. As a result, overexpression of full-length cytoplasmic tail but 

not of the truncated tail is expected to disrupt PDZ-domain interactions of SynCAM or 

related proteins. Both SynCAM cytoplasmic tail proteins were produced as ECFP 
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(enhanced cyan fluorescent protein, a derivative of green fluorescent protein) fusion 

proteins to visualize the axons derived from transfected neurons. Possible effects by 

ECFP itself were controlled for by transfecting ECFP alone. Two days after transfection, 

we analyzed the presynaptic terminals formed by the axons from transfected neurons by 

staining terminals with the fluorescent dye FM1-43 (Figure 2.20). FM dyes are taken up 

into, and released from, active nerve terminals in response to synaptic stimulation and 

thus allow direct visualization and quantifications of synaptic vesicle exo- and 

endocytosis.  

 

 62

http://www.jneurosci.org/cgi/content/full/25/1/260#FIG5#FIG5


  

Figure 2 19: SynCAM-induced increase in mini frequency requires SynCAM C-tail. 
A, Schematic drawings of SynCAM, NL1, and the SynCAM-NL1 chimeric constructs 
used to assess the role of SynCAM cytoplasmic tail in the increase in mini frequency 
induced by SynCAM. B, Representative traces of spontaneous miniature synaptic events 
recorded from cells transfected with NL1 (n = 9), SynCAM(n = 7), SynCAM-NL1 tail (n 
= 6), or NL1-SynCAM tail (n = 6). C, Bar graphs depict the mean frequencies of 
spontaneous excitatory events recorded in the presence of TTX. Excitatory events were 
isolated by the addition of 50 µM picrotoxin to the recording medium. C, Amplitudes of 
spontaneous excitatory events do not show a significant difference. 
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Figure 2.20: Effects of transfected intracellular SynCAM sequences on synapse 
formation in cultured hippocampal neurons. (A to C) Fluorescence images of axons 
and synapses from neurons transfected with soluble ECFP fusion proteins (green) and 
labeled with FM1-43 dye (red). Synapses were labeled with FM1-43 by stimulation with 
a high concentration of K+ and then destained by K+ depolarization to uncover 
nonspecific residual staining. Images recorded before and after stimulation were 
subtracted to selectively visualize active presynaptic boutons. Transfected neurons 
express the full-length (A) or COOH-terminally truncated cytoplasmic tail of SynCAM 
(SynCAM C-tailΔ3) (B) as soluble ECFP fusion proteins or ECFP alone (C). Scale bar in 
(C) = 5 µm and applies to all panels. (D) Cumulative probability of the distances between 
FM1-43-labeled synaptic puncta on axons expressing ECFP proteins. The decrease in 
synapse density on axons containing the full-length SynCAM tail compared with the 
SynCAM C-tail 3 and ECFP alone was statistically significant (P < 0.001, Kolmogorov-
Smirnov test). (E) Destaining rates of FM1-43-labeled synaptic puncta on axons 
expressing the full-length SynCAM C-tail, SynCAM C-tailΔ3, and ECFP alone. 
Destaining was triggered by K+ stimulation. The slower destaining rate of the SynCAM 
C-tail axons compared with axons expressing SynCAM C-tailΔ3 or ECFP alone was 
statistically significant (P < 0.001, two-tailed t test). (F) Cumulative probability 
histogram of the size of the recycling pool of synaptic vesicles as measured by total FM1-
43 staining in synapses formed by axons expressing the full-length cytoplasmic tail of 
SynCAM, SynCAM C-tailΔ3, or ECFP alone. The difference between terminals 
expressing the full-length cytoplasmic tail and the two controls was statistically 
significant (P < 0.001, Kolmogorov-Smirnov test). In (D to F), error bars are smaller than 
the symbols; for (D to F), n = 537 for synapses on axons transfected with SynCAM C-
tail, n = 490 for synapses transfected with SynCAM C-tail 3, and n = 378 for synapses 
transfected with ECFP alone.  
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In a final set of experiments, we tested whether the effect of SynCAM on mini 

frequency reflects an overall augmentation of synaptic inputs on the transfected neurons 

or represents an isolated change in the mini frequency only. The latter possibility was 

raised by the observation that, in artificial synapses, the effect of SynCAM on mini 

frequency is relatively larger than its effect on overall synaptic parameters, as measured 

by the amplitude of evoked release (Sara et al., 2005). Therefore, we examined synaptic 

responses evoked by hypertonic sucrose application in neurons transfected with 

SynCAM, NL1, or the two SynCAM-NL1 chimeras (Figure 2.21). We observed again a 

specific enhancement of synaptic responses by SynCAM and by the NL1-SynCAM 

chimera containing the SynCAM cytoplasmic tail (SynCAM vs NL1, p < 0.001; NL1-

SynCAM tail vs SynCAM-NL1 tail, p < 0.02; NL1, n = 9; SynCAM, n = 6; SynCAM-

NL1 tail, n = 9; or NL1-SynCAM tail, n = 7). Together, these results indicate that the 

facilitatory effect of SynCAM on miniature excitatory currents and synaptic responses 

evoked by hypertonic sucrose application is attributable to the distinct interactions of the 

cytoplasmic tail of SynCAM. 
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Figure 2.21: SynCAM-induced increase in responses to hypertonic sucrose 
application requires SynCAM C-tail. A, Synaptic responses evoked by hypertonic 
sucrose application (+500 mOsm). B, Expression of SynCAM and NL1-SynCAM tail 
chimera caused a larger response to hypertonic sucrose application compared with 
expression of NL1 or SynCAM-NL1 tail chimera (SynCAM vs NL1, p < 0.001; NL1-
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SynCAM tail vs SynCAM-NL1 tail chimera, p < 0.02; NL1, n = 9; SynCAM, n = 6;  
SynCAM-NL1 tail, n = 9; or NL1-SynCAM tail, n = 7). 
 

 

2.4.4. Summary 

The fact that the actions of SynCAM and NL1 in artificial synapse formation are 

indistinguishable is puzzling given their molecular differences. To test whether these two 

molecules have a similar physiological function, we examined neurons that overexpress 

SynCAM or NL1. We found that SynCAM caused a selective twofold increase in overall 

mini frequency that depended on the developmental stage of the culture, whereas NL1 did 

not cause a change. The effect of SynCAM did not reflect a general synapse-promoting 

activity of SynCAM but was restricted to excitatory synapses in which we measured an 

approximately fourfold increase in mini frequency. Unexpectedly, the selective action of 

SynCAM depended on its cytoplasmic tail: attaching the SynCAM cytoplasmic tail to 

NL1 conferred onto NL1 the same activity. The dominant-positive synaptic effect of 

SynCAM was not restricted to mini frequency but was also reflected in an increase of 

release evoked by hypertonic sucrose. Here, we note that these effects were limited to 

immature neurons. 

Interestingly, morphological analysis of neurons overexpressing SynCAM or NL1 

showed the opposite of the predictions from electrophysiological results. In this case, 

NL1 increased synapse number and spine density, suggesting a specific role for NL1 in 

morphological synapse induction (Sara et al., 2005). This apparent contradiction between 

the two sets of results may suggest that SynCAM overexpression increases synaptic 

efficacy by increasing the vesicle pool size of previously existing synapses (as evidenced 
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by the increase of hypertonic sucrose responses). In contrast, NL1 overexpression leads to 

de novo synapse and spine formation without adequate recruitment of AMPA receptors in 

the postsynaptic site or proper assembly of presynaptic secretory apparatus. Together, 

these results suggest that, in contrast to the minimal requirements for functional synapse 

assembly on HEK293 cells, in neurons, proper synaptogenesis requires the synergistic 

action of two or more cell adhesion molecules, each ensuring adequate formation of 

distinct aspects of synaptic junctions. 

Together, our findings may have several important implications. (1) The artificial 

synapse formation assay is a valuable tool to test the candidacy of postsynaptic cell 

adhesion molecules and to probe mechanisms of presynaptic differentiation but may not 

reflect a physiological function of a protein in synaptogenesis because, in this assay, 

SynCAM and NL1 are identical, whereas in transfected neurons, they have very different 

effects. (2) SynCAM differentially changes the activity of excitatory versus inhibitory 

synapses, suggesting that, as a transsynaptic cell adhesion molecule, SynCAM 

discriminates between different types of synapses. (3) The effect of SynCAM in 

enhancing presynaptic activity involves an unidentified postsynaptic signal that depends 

on the cytoplasmic tail of SynCAM. (4) The effect of SynCAM seems to be purely 

functional (presumably of presynaptic origin, suggesting retrograde signaling by the 

cytoplasmic tail) because SynCAM overexpression does not cause a significant increase 

in synapse or spine numbers when compared with NL1. (5) NL1 is particularly effective 

in promoting synaptogenesis and spine morphogenesis when overexpressed in cultured 

neurons. However, this structural effect does not translate into an augmentation of 

synaptic transmission when assayed in immature developing neurons. 
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The present experiments only begin to address a long list of complex questions on 

the role of synaptic cell adhesion in synaptogenesis and synaptic function. They confirm 

the similar transsynaptic role of SynCAM and NL1 but extend the description of this role 

to a differential activity in neurons that, at least in the case of SynCAM, is selective for a 

particular type. The differences in SynCAM and NL1 function when overexpressed in 

neurons provide a striking example of uncoupling between functional and structural 

synaptogenesis. In view of these differences, the action of the two molecules may 

complement each other in situ. As analysed to further detail in the previous section, NLs 

seems to have a more important role in the stabilization of synapses presumably initiated 

by SynCAM and other adhesion molecules.  

Our data shows that two distinct molecules, SynCAM or NL1, are each sufficient 

to induce such differentiation. Although these molecules are very different, they 

nevertheless seem to trigger the same complex signaling cascade that orchestrates 

presynaptic differentiation at least in artificial assays. These results attract attention to 

intracellular interactions of SynCAM and β-neurexins, presynaptic partners of 

neuroligins, because these molecules seem to have a unique capability to drive synapse 

formation. In chapter-3, we will examine these molecules; CASK and Mints.  
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2.5 Characterization of Dystroglycan overexpression and deletion in neuronal 

cultures 

2.5.1 Background 

Dystrophin-glycoprotein complex is a multi-subunit complex provides the 

connection between extracellular matrix and cell cytoskeleton. On the extracellular side 

α-dystroglycan binds to neurexins , agrin, laminin,  perlecan and biglycan. β-

dystroglycan is a transmembrane protein that anchors α-dystroglycan to the plasma 

memebrane and interacts intracellularly with grb2, rapsyn and calveolin. Although most 

of the work focused on muscle, dystroglycan is expressed in brain as well, and shown to 

be localized to a subset of inhibitory neurons. The DG knock-out mice have severe 

deficiency in LTP induction. Given the abundance of research, role of DG in CNS and 

the significance of its interaction with neurexins still elusive.  

 

Figure 2.22: Organization of skeletal muscle cell dystrophin-glycoprotein complex 

(DGC). (http://www.glycoforum.gr.jp/science/glycogenes/13/images/fig_01.jpg) 

Results  
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2.5.2 Dystroglycan overexpression: 

In order to elucidate the function of DG in CNS we decided to perform 

experiments in dissociated neuronal cultures by overexpressing the DG via calcium 

phosphate transfection.  

As shown in Figure 2.23, there is no significant change in evoked stimulation or 

in inhibitory mini frequency.  

 

 

 

Figure 2.23: Overexpression of dystroglycan. A-C, Analysis of miniature inhibitory 
events (D-G) Analysis of evoked inhibitory and excitatory events.   
 

2.5.3 Dystroglycan knockout analysis  

Since we could not reveal any significant changes, we decided to analyse 

dystroglycan KO neurons.  The Dystroglycan mice is originally generated by Kevin 

Campbell’s group at University of Iowa. The knock out mice is lethal very early 
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embryonically, therefore we decided to use conditional knock-out, in which, the gene 

could be deleted after culturing neurons using a lentivirus that expresses CRE (for further 

detail see chapter-3; analysis of Mints).   The strategy for the creation of dystroglycan 

KO is summarized in Figure 2.24. 

 

 

          Figure 2.24: The generation strategy for conditional DG KO mice.   
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Figure 2.25: Analysis of DG-KO neurons. A-F, analysis of inhibitory and excitatory 
miniature events neurons from neurons lacking dystroglycan. G-M Analysis of field 
stimulation or hypertonicity (500mM sucrose) evoked currents from dystroglycan lacking 
neurons reveals no significant differences.     
 

Neurons prepared from the cortex of newborn pups of homozygous dystroglycan knock-

in animals are cultured for 4 DIV and infected by lentivirus containing either CRE, to 

delete dystroglycan expression, of ΔCRE; control. The cells are analysed at 14-18DIV by 

whole cell recording revealed that deletion of DG in dissociated cultures does not lead to 

a detectable phenotype among the parameters we tested.  

2.6 Summary 
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 In this chapter we have characterized effects caused by deletion or overexpression 

of adhesion molecules neurexins, neuroligins, dystroglycan and SynCAM. 

Overexpression of neurexins showed us a previously unexpected role and location for this 

molecule that, it may have a function on the postsynaptic side as well, independent of 

NLs. NL analysis indicated that the type of a newly generated synapse is validated by 

these molecules in an activity dependent manner, providing a link between activity and 

specificity (i.e. inhibitory vs excitatory) of a synapse. We predict that, neurexins and 

neuroligin does not only work through each other, since it is difficult to imagine how 

neurexin binding could lead to specificity of the type of a synapse. It is tempting to 

speculate that other adhesion molecules might be interacting with neurexins and NLs to 

help these actions.  

Our results also highlight the importance of intracellular sequences of these 

molecules. The traditional view that these molecules simply hold synapse together is 

challenged by the data provided here. It is becoming clearer that these molecules perform 

crucial signal transduction events by cross talking with each other and with their 

intracellular effectors to orchestrate both sides of synapse.      

2.7 Material and Methods 

2.7.1. Constructs 

All NL1 expression vectors encode rat NL1 with inserts in splices sites A and B, except 

when indicated otherwise (Biederer et al., 2002 and Sara et al., 2005) 

The full-length eukaryotic expression vectors encoding either SynCAM or NL1 and 

soluble ECFP (enhanced cyan fluorescent protein) coexpressed from an internal 

ribosomal entry site (IRES) sequence, as well as the pCMV5 (cytomegalovirus) 
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mammalian expression vector encoding SynCAM with an SalI site introduced at bp 1123, 

were described previously by Biederer et al. (2002). GFP-GluR2 (green fluorescent 

protein-glutamate receptor subunit 2) in the pTet7 vector was a gift from R. Malenka 

(Stanford University, Stanford, CA). For construction of the vector coexpressing N-

cadherin and soluble ECFP (pCMV N-cadherin-IRES-ECFP), fulllength mouse N-

cadherin was PCR amplified using the oligos TC-CCCCGGGATGTGCCGGATAGCGG 

and CCTGAATTCTCAGTCGT-CACCACCGC from the pBAT-MNC (p- actin 

thymidine kinase murine N-cadherin) vector, a gift from M. Takeichi (RIKEN Center for 

Developmental Biology, Kobe, Japan), the PCR product was subcloned into the pTOPO 

vector (Invitrogen, Carlsbad, CA), and the insert was subcloned via SmaI-EcoRI into 

pIRES-ECFP (Biederer et al., 2002). The expression vector coexpressing NCAM-140 

and soluble ECFP (pCMV NCAM-140 -IRES-ECFP) was constructed after excision of 

the insert encoding full-length NCAM-140 from pcDNA NCAM-140 (without variable 

alternative spliced exon), a gift from P. Maness (University of North Carolina, Chapel 

Hill, NC), using the HindIII-EcoRV sites and subcloning of the insert into pIRES-ECFP. 

For construction of the vector coexpressing L1 and soluble ECFP (pCMV hL1-IRES-

ECFP), the insert encoding full-length human L1 was excised from phL1, a gift from V. 

Lemmon (University of Miami, Miami, FL), using the SalI-EcoRI sites with the SalI site 

being filled in, and the insert was subcloned into the SmaI-EcoRI sites of pIRES-ECFP. 

Control cells were transfected with pIRES-ECFP alone. HEK293 cells were transfected 

using FuGene 6 (Roche, Basel, Switzerland) according to the instructions of the 

manufacturer.  
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To generate the cytosolic tail-swap mutants, the construct pCMV mSynCAM*SpeI-

IRES-ECFP was generated via introduction of an SpeI site at bp 1196, and the construct 

pCMV NL1*SpeI-IRES-ECFP was generated via introduction of an SpeI site at bp 2149 

by PCR mutagenesis using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). 

The SpeI-SalI fragment was excised from pCMV mSynCAM*SpeI-IRES-ECFP and 

subcloned into the respective sites of pCMV NL1*SpeI-IRES-ECFP to generate pCMV 

NL1-cytoplasmic tail (C-tail) SynCAM1-IRES-ECFP. The vector pCMV mSynCAM1-

C-tail NL-IRES-ECFP was generated analogously by excising the SpeI-SalI fragment 

from pCMV NL1*SpeI-IRES-ECFP and subcloning it into pCMV mSynCAM*SpeI-

IRES-ECFP. Constructs were confirmed by sequencing, and expression was confirmed 

by transfection of these vectors into HEK293 cells, using FuGene 6 (Roche), followed by 

immunoblotting.  

2.7.2. Cell Culture 

Primary hippocampal neuronal cultures were prepared from 1- to 2-day-old Sprague-

Dawley rats (Kavalali et al., 1999), transfected at 10 DIV vitro using a calcium phosphate 

transfection protocol (Xia et al., 1996), and analyzed at 14 DIV. Chronic AP5 treatments 

were performed by adding 50 μM AP5 to the culture medium at 10 to 14 DIV; AP5 was 

washed out before recordings were started. 

2.7.3. Electrophysiological Analyses of Cultured Neurons 

Whole-cell recordings from pyramidal cells were acquired at room temperature in a 

modified Tyrode bath solution (150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 10 mM 

glucose, 10 mM HEPES, and 2 mM CaCl2 [pH 7.4, 310 mOsm]) with a MultiClamp 

700B amplifier and Clampex 8.0 software (Axon Instruments, Union City, CA). 
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Recordings were filtered at 2 kHz and sampled at 200 μs. EPSCs and IPSCs were evoked 

with a local stimulation electrode (Maximov and Sudhof, 2005). AMPAR- and NMDAR-

mediated EPSCs were recorded in 50 μM picrotoxin at holding potentials of −70mV and 

+40mV, respectively. AMPAR-dependent EPSCs and IPSCs were quantified by 

measuring the amplitude 2 ms after the onset of synaptic responses, and NMDAR-

dependent EPSC amplitudes were measured 50 ms after the EPSC onset. IPSCs were 

recorded in 10 μM CNQX and 50 μM AP5 at a holding potential of −70mV. Input and 

series resistances were monitored (series resistance 10 MΩ), and experiments with 

unstable readings were discarded. Recordings were performed on anonymized samples to 

avoid observer bias. The recording methods are described in detail in Maximov et al. 

(2007). 

2.7.4 Immunocytochemistry, Image Acquisition, and Analysis 

Neurons were fixed in cold 100% methanol, permeabilized in 0.1% saponin, and 

incubated with primary and secondary antibodies in PBS with 3% nonfat milk and 0.1% 

saponin using Alexa Fluor 633 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse 

antibodies (Molecular Probes) as secondary antibodies (Chubykin et al., 2005;). Images 

were acquired with a Leica TCS2 confocal microscope with identical settings applied to 

all samples in an experiment, and are presented in three colors: presynaptic terminals 

(visualized via synapsin staining) in red, dendrites (MAP2 staining) in blue, and spines 

(EGFP or Venus fluorescence, either from transfected tagged NLs or from cotransfected 

EGFP-tagged β-actin) in green. Stacks of z-section images were coded, converted to 

maximal projection images, and analyzed blindly with the NIH Image/ImageJ program. 

Channels corresponding to EGFP and synapsin signals were thresholded to outline spines 
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and presynaptic terminals correspondingly. Area size, fluorescent intensity, and density 

of spines and presynaptic terminals per 50 μm of dendrite were measured using the 

“Analyze particle” module of the ImageJ program. Each experiment was performed at 

least three times with 300–1000 spines from six to ten neurons analyzed per condition. 

Synaptic boutons were loaded with FM5-95 (16 µM; Molecular Probes, Eugene, OR) for 

90 sec using 47 mM hyperkalemic stimulation. Modified Tyrode's solution used in all of 

the experiments contained the following (in mM): 150 NaCl, 4 KCl, 2 CaCl2, 2 

MgCl2,10 glucose, and 10 HEPES-NaOH, pH 7.4 (310 mOsm). The hyperkalemic 

solution contained an equimolar substitution of KCl for NaCl. All of the staining and 

washing protocols were performed with 10 µM CNQX and 50 µM AP-5 to prevent 

recurrent activity. Images were obtained by a cooled intensified digital CCD camera 

(Roper Scientific, Trenton, NJ) during illumination (1 Hz, 15 msec) via an optical switch 

(Sutter Instruments, Novato, CA) controlled using Metafluor software (Universal 

Imaging, Downingtown, PA). To identify transfected cells, cultures were illuminated at 

480 ± 20 nm [505 dichroic long pass (DCLP); 535 ± 25 nm bandpass (BP)] through a 

Nikon (Tokyo, Japan) 40x 1.3 numerical aperture oil-immersion objective. To image 

FM5-95-labeled puncta, we used excitation at 560 ± 27 nm (595 DCLP; 645 ± 37 nm 

BP). All of the statistical comparisons were performed with the two-tailed unpaired t test; 

values are given as means ± SEM. 

Statistical Analysis; All results are expressed as means ± SEMs; significance was 

determined by Student's t test.  
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CHAPTER 3 

INTRACELLULAR ADAPTERS 

3.1 Background 

Like other intercellular junctions, synapses are thought to be organized by 

cytoplasmic scaffolding proteins that anchor cell-adhesion molecules and receptors to the 

sub-membranous compartments. In this chapter, we focused on the intracellular binding 

proteins for the adhesion molecules characterized in chapter-2 (neurexins and SynCAM), 

which are PDZ domain proteins CASK and Mints. 

 Membrane-associated guanylate kinase proteins (MAGUKs) form the most 

prominent family of scaffolding molecules associated with intercellular junctions. 

MAGUKs are characterized by three canonical domains: N-terminal PDZ-domains, a 

central SH3-domain, and a C-terminal guanylate kinase domain (Dimitratos et al., 1997; 

Funke et al., 2005). A large number of MAGUKs with these domains were described, but 

CASK is the only MAGUK that contains an additional large N-terminal domain with 

homology to Calcium/calmodulin-dependent protein kinase IIα (Hata et al., 1996). CASK 

was independently discovered in vertebrates because it binds to neurexins, cell-adhesion 

molecules with a possible function in synapse formation (Hata et al., 1996), in 

Drosophila (where it is called CamGUK) because its mutation causes a behavioral 

phenotype (Martin and Ollo, 1996), and in C. elegans (where it is called lin-2) because its 

mutation induces abnormal vulva development (Hoskins et al., 1996).  

Biochemical studies in vertebrates showed that CASK forms a stoichiometric 

complex with Mints (also called X11s or Lin-10) and Velis (also called Mals or Lin-7) 

that may be involved in organizing synapses (Borg et al., 1998; Butz et al., 1998). 

 79



Consistent with this notion, as mentioned, CASK binds to neurexins and to SynCAMs, 

(Biederer et al., 2002; Hata et al., 1996). 

Vertebrates contain three Mint/X11 proteins: Mint 1/X11, Mint 2/X11ß, and Mint 

3/X11 (Duclos et al., 1993; Duclos and Koenig, 1995; Okamoto and Südhof, 1997, 

1998). Mints are composed of variable isoform-specific N-terminal, and conserved C-

terminal sequences composed of one phosphotyrosine-binding (PTB) domain and two 

postsynaptic density-95/Discs large/Zona occludens-1 (PDZ) domains (Okamoto and 

Südhof, 1997, 1998). The N-terminal sequence of Mint 1 (but not of Mints 2 and 3) binds 

to CASK.   

 

Figure 3.1: CASK forms a well-conserved tripartite complex with Mint1 and Veli. 
This complex contain multiple PDZ domains that may mediate recruitment of other 
synaptic molecules. It also provides a link between synaptic cell adhesion, through 
binding neurexins, and vesicle fusion machinery, through other interactions of CASK and 
Mints. (Butz et al., 1998)    
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In Caenorhabditis elegans, the Mint 1/CASK/Veli complex is essential for vulva 

development (Kaech et al., 1998; Whitfield et al., 1999), and Mint 1 is separately 

required for trafficking of AMPA- but not NMDA-type glutamate receptors to synapses 

(Rongo et al., 1998). Although only Mint 1 binds to CASK, both neuron-specific Mints 

(Mints 1 and 2) but not Mint 3 bind to the synaptic vesicle fusion protein Munc18-1 via 

an N-terminal sequence (Okamoto and Südhof, 1997). Moreover, via their PTB domains 

all three Mints bind to the cytoplasmic tail of the amyloid-ß precursor protein (APP) and 

alter its proteolytic processing, which is centrally involved in the pathogenesis of 

Alzheimer's disease (Borg et al., 1996; McLoughlin and Miller, 1996; Sastre et al., 1998; 

Biederer et al., 2002). Finally, via their PDZ domains, Mints bind in vitro to multiple 

proteins such as presenilins (Lau et al., 2000; Biederer et al., 2002), neurexins (Biederer 

and Südhof, 2000), calcium channels (Maximov et al., 1999), and the kinesin motor 

protein KIF17 (Setou et al., 2000).  

Here we characterize the effect of deletion of CASK and Mints in dissociated 

hippocampal or cortical cultures using a electrophysiology, imaging and morphology 

based assays.  

 

3.1 Analysis of CASK knock-out mice 

Despite a large effort, the function of CASK remains unclear. It has been 

proposed that CASK may traffic Ca2+ channels to the synapse (Maximov et al., 1999), 

target potassium channels (Leonoudakis et al., 2004) and/or the Ca2+ pump 4b/Cl (Schuh 

et al., 2003) to the plasma membrane, interact with liprins (Olsen et al., 2005) or kinesin 

(Setou et al., 2000), and/or regulate transcription by interacting with transcription factors 
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in the nucleus (Hsueh et al., 2000). Moreover, analysis of CASK mutations in D. 

melanogaster and C. elegans suggested several other functions. In Drosophila, CASK 

mutations produce a discrete neurological phenotype that includes aberrant regulation of 

activities mediated by calcium/calmodulin-dependent kinase II (Lu et al., 2003; Zordan et 

al., 2005), and CASK may function by modulating Ca2+-calmodulin dependent protein 

kinase (Hodge et al., 2006). In contrast, in C. elegans the CASK homolog LIN-2 is 

selectively required for vulval differentiation and proper localization of the EGF receptor 

LET-23 (Hoskins et al., 1996).  

In the present study, we generated and analysed knock-out mice for CASK to 

study its function. CASK KO mice die within the first few hours after birth and exhibit a 

partially penetrant cleft palate syndrome and increased apoptosis in the thalamus, but 

display no other major developmental changes. Although CASK-deficient neurons 

exhibit no detectable change in electrical properties, the rate of spontaneous release 

events is changed, despite an apparently normal evoked release. Our data suggest that 

CASK performs an essential brain function, but is not required for the fundamental 

development or activities of neurons. 

Results 

3.1.1 Generation of CASK Mutant Mice.  

Using homologous recombination experiments with the targeting vector described in Fig. 

3.2 we generated mutant mice in which the first coding exon of the CASK gene is 

flanked by loxP sites (i.e., is floxed), and a neomycin resistance gene cassette is inserted 

into the intron adjacent to the floxed exon. Immunoblotting demonstrated that in floxed 

mutant mice, CASK expression is significantly suppressed (Figure 3.2 B), with 
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quantitations showing that CASK levels were decreased ~66% in homozygous knockin 

mice (Figure 3.2D). Thus the changes in the CASK gene introduced by the homologous 

recombination event (i.e., insertion of loxP sites and/or the neomycin resistance gene 

cassette) partly inhibit CASK expression. Crossing of the floxed mutants with mice 

expressing cre recombinase in the male germline (O'Gorman et al., 1997) caused excision 

of the floxed exon and the neomycin resistance gene cassette, thus generating KO mice in 

which CASK expression was decreased ~33% in heterozygous KO mice, and abolished 

in homozygous KO mice (Figure 3.2 C and D, and data not shown).  

  

 

Figure. 3.2: Gene targeting strategy for CASK: protein levels in knockin and KO 
mice. (A) Targeting strategy. Genomic clones containing the 5' end of the murine CASK 
gene (top diagram) were used to construct a targeting vector in which the first coding 
exon is flanked by loxP sites (triangles) and a neomycin resistance gene cassette (Neo) is 
inserted into the intron following the exon. In addition, a diphtheria toxin gene (DT) is 
attached to the long arm of the vector. Homologous recombination of the targeting vector 
with the endogenous CASK gene replaces the endogenous with the modified genomic 
sequence and eliminates the diphtheria toxin gene. The resulting "floxed allele" retains 
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the exon in the knockin mice but includes a neomycin resistance gene cassette in the 
intron, both of which are excised by cre recombinase in the KO. The scale bar on the 
lower right applies to all panels. (B) Immunoblotting analysis of CASK, Velis, and GDI 
(GDP dissociation inhibitor) in WT (+/+), heterozygous floxed mutant (+/flox), and 
homozygous floxed mutant (flox/flox) mice. (C) Immunoblotting analysis of CASK and 
selected proteins in WT and homozygous KO mice. (D) Quantitation of CASK levels in 
knockin and KO mice and of various indicated proteins in KO mice. Protein levels were 
measured by using quantitative immunoblotting with 125I-labeled secondary antibodies 
and phosphoimager detection. Samples were derived from littermate offspring of 
heterozygous matings. 
  

 3.1.2 Deletion of CASK Is Lethal.  

Homozygous CASK knockin mice are viable and fertile, whereas CASK KO mice 

die within a few hours after birth, with no surviving mouse observed in >100 crossings 

(Figure 3.3 A). Knockin mice, however, are significantly smaller than littermate control 

mice and exhibit a slightly increased mortality (Figure 3.3 A and B). The floxed knockin 

mice may be useful for future studies because they have two potentially attractive 

properties: they represent hypomorphs in which CASK expression is decreased by two-

thirds in the homozygous state, and they are conditional KOs in which CASK expression 

can be deleted in a particular cell type by tissue-specific cre recombinase expression. In 

the present study, however, we aimed to investigate the essential roles of CASK, and we 

will focus on the KO mice. Because CASK KO mice are not viable, an efficient breeding 

strategy is required to generate sufficient numbers of KO mice for study. For this 

purpose, we produced hypomorphic mutant male mice that contain a single copy of the 

floxed CASK gene on their X chromosome and additionally carry a transgene expressing 

cre recombinase in the germ line. We then crossed these male mice with heterozygous 

CASK KO female mutant mice, resulting in offspring in which 50% are homozygous KO 

mice and 25% are WT or heterozygous KO mice (Figure 3.3 C).  
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Figure 3.3: Survival, body weight, and breeding strategy of CASK-KO and 
knockdown mice. (A) Survival of CASK-KO and knockdown mice obtained from 
heterozygous breedings. (B) Plot of the body weight (means ± SEMs) of littermate male 
WT (+/+) and floxed-mutant mice (flox/flox) as a function of age. (C) Breeding strategy 
for CASK knockout mice. To obtain a high yield of homozygous mutant CASK-KO 
mice, male mice carrying the floxed allele and a transgene that expresses cre recombinase 
in the germ line were crossed with heterozygous CASK-KO mice. As a result, 50% of the 
male and female offspring are mutant. 
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3.1.3 Development of CASK KO Mice.  

A previous transgenic insertion mutant in mice showed that CASK-deficient mice exhibit 

a cleft palate (Laverty and Wilson, 1998). This finding, in addition to the abundant 

evidence for a major developmental role of the C. elegans CASK homolog Lin-2 

(Hoskins et al., 1996) and the suggested role for CASK as a transcription factor involved 

in the development of the cerebral cortex (Hsueh et al., 2000; Wang et al., 2004), raised 

the possibility that CASK KO mice may suffer from major developmental abnormalities 

which could be the cause of the KO lethality. As an initial screen for such developmental 

abnormalities, we examined newborn CASK KO mice morphologically (Figure 3.4 A). 

However, we detected only one major developmental impairment in CASK-deficient 

embryos: the cleft palate reported earlier for a mouse that a random transgene insertion in 

the CASK gene (Laverty and Wilson, 1998). The cleft palate syndrome was not 

completely penetrant since only ~80% of homozygous KO mice exhibited this feature, 

even though all KO mice died at birth, indicating that the cleft palate by itself is not 

sufficient to explain the lethal phenotype. Other parts of the brain appeared to be 

macroscopically normal, with no obvious changes in the formation of characteristic brain 

structures (Figure 3.4 A and data not shown). We did observe, however, an increase in 

cell death in the KO mice as analysed by TUNEL staining (Figure 3.4B). The number of 

TUNEL positive cells in thalamus increased approximately 3-fold (Figure 3.4 C), 

suggesting that although neurons are generated, they appear to be more susceptible to 

apoptotic cell death. Finally, measurements of ventilation patterns by whole-body 
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plethysmography suggested a severe postnatal respiratory failure as possible cause of the 

lethality (Figure 3.5).  

 

 

 

Figure 3.4: Cleft palate and increased cell death in CASK KO mice. (A) Sagittal 
section of WT and CASK KO mice at first day of birth (P1) stained with hematoxylin and 
eosin. Shown are transverse sections through the heads of one WT and two different 
CASK KO mice. Note the cleft palate in the CASK KO animals (asterisk). (B) Thalamic 
slices of littermate WT and CASK KO mice at day P1 stained with TUNEL. The scale 
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bar applies to both panels. (C) Quantitation of TUNEL-positive cells WT and CASK KO 
thalamic slices. Note the 3-fold increase in TUNEL-reacting cells in CASK KO slices. 
  

  

 

 

Figure 3.5: Ventilation activity in CASK KO mice. Figure shows averaged ventilation 
activity (Hz) of WT and KO mice. The n values in the diagram represent the number of 
mice [WT = 1.78 ± 0.14 Hz (n = 21); KO = 1.3 ± 0.1 Hz (n = 23); P < 0.05]. 

3.1.4 Discrete Changes in Protein Levels in CASK KO Mice.  

The phenotype of the CASK KO mice (postnatal lethality without major structural 

changes in brain) is more suggestive of a functional than a developmental impairment. 

Since CASK is thought to be localized at least in part to synapses (Butz et al., 1998; 

Maximov et al., 1999), we measured the levels of selected synaptic proteins in the brains 

of newborn CASK-deficient and control mice (Figure 3.2 D). CASK forms a tripartite 

complex with Mint 1 (also called X11) and Velis (also called 'MALS'; (Borg et al., 1998; 

Butz et al., 1998). Deletion of CASK lowers the levels of both Mint 1 and Velis 

significantly, consistent with this interaction (Figure 3.2 D). CASK is also thought to 
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form a complex with a number of cell-surface proteins containing a characteristic 

cytoplasmic tail sequence that resembles those of neurexins (Biederer et al., 2002; Cohen 

et al., 1998; Hata et al., 1996; Hsueh et al., 1998). Consistent with such an interaction, at 

least one isoform of neurexins (β-neurexins) appears to decrease in levels in CASK KO 

mice, whereas the extracellular binding partner for neurexins, neuroligin, increases 

(Figure 3.2 D). No other changes in the proteins analysed were observed. 

Table 1. Protein levels in newborn CASK-KO mice 

Protein  +/+  SEM  +/- SEM -/- SEM n  

CASKflox  100  2.9  68.3  5.1  35.06  1.5  3  

CASK  100  0.6  43.4  7.4  5.9  0.09  3  

Mint 1  100  6.26  83.05  2.89  66.98  5.79  6  

Mint 2  100  4.01  87.47  11.01 85.45  5.4  6  

munc18-1  100  4.11  116.15 7.04  106.08  3.52  9  

Synaptophysin  100  4.37  108.61 3.83  96.10  3.33  9  

rab3  100  4.15  99.66  5.84  90.8  10.49 6  

Syntaxin  100  7.57  96.67  4.64  95.58  5.64  6  

SNAP-25  100  10.44  89.37  4.44  97.26  5.58  6  

synaptobrevin 
2  100  5.28  92.19  9.45  83.13  6.88  9  

Synaptotagmin 
1  100  5.9  98.0  5.36  90.63  3.12  9  

PSD95  100  5.42  86.47  3.08  81.96  4.89  9  

CASKIN  100  5.73  102.08 3.91  100.03  13.3  6  

Veli, upper  100  10.77  90.64  3.0  95.45  10.19 9  

Veli, lower  100  7.7  68.69  6.46  48.44  4.08  9  
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SCAMP1  100  3.96  108.33 1.29  105.07  2.33  3  

hdlg  100  5.66  90.24  7.34  89.57  6.4  6  

dynamin  100  8.86  102.76 4.06  92.05  4.7  3  

GluR2/4  100  2.19  103.8  3.67  105.36  1.43  3  

GRIP  100  10.53  107.81 2.47  115.8  3.3  3  

synapsin  100  11.17  78.97  1.85  83.45  6.77  6  

Neuroligin 1  100  17.63  104.41 10.16 136.84  10.04 3  

RIM 1α 100  20.26  102.01 2.27  97.85  7.22  3  

RIM2α, upper  100  13.3  88.24  9.71  93.94  3.4  3  

RIM2α/β, 
lower  

100  2.81  92.56  2.71  84.25  4.96  3  

SynGAP  100  4.2  93.84  3.51  105.08  4.35  3  

CSPα 100  11.4  126.31 14.01 122.04  8.23  3  

Rabphilin  100  5.63  95.38  14.93 80.36  10.44 6  

Neurexin-β 100  7.2  n.d.  n.d.  70.31 4.4  3  

Table 3.1: Protein quantification results for CASK-KO mice.  All quantitations were 
performed on brain homogenates from newborn littermate mice by using specific primary 
antibodies and 125I-labeled secondary antibodies, with signal measurements on a 
phosphoimager. 

3.1.5 Synapse Formation by Cultured Neurons from CASK KO Mice.  

We next tested whether CASK-deficient neurons form synapses. These studies were 

performed in cultured neurons because at birth (when the CASK KO mice die), few 

mature synapses are developed in mice. Neurons cultured from newborn mice, however, 

have sufficient time to mature and develop extensive synaptic connections with relatively 

uniform properties, thereby allowing an analysis of the role of a given protein in basic 

synaptic properties when a KO of that protein produces lethality.  

 90



 We cultured cortical neurons from CASK KO and littermate control mice, and 

examined them by light and electron microscopy at 14 days in vitro. We found that 

CASK-deficient neurons formed synapses at a density similar to control neurons (Figure 

3.6). Analysis of these synapses by electron microscopy revealed a typical morphology 

with abundant synaptic vesicles (Figure 3.6). Quantitations of the number of total 

vesicles, of docked vesicles, and of the size of the postsynaptic density (which reflects the 

size of the synapse) uncovered no significant difference between CASK-deficient and 

control synapses (Figure 3.6 C). These data indicate that CASK is not essential for 

formation of structurally normal synapses.  
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Figure 3.6: Synapse formation and structure in CASK-KO mice. (A) Cultured 
neurons in which active synapses were stained with FM1-43. (B) Representative pictures 
of synapses from cultured cortical neurons at 17 days in vitro from littermate WT and 
CASK-KO mice. Calibration bar in right lower corner applies to both panels. (C) 
Quantitation of the number of vesicles per presynaptic terminals (C1) and per active zone 
(C2), and the size of the postsynaptic density (C3). Data are from 53 WT and 41 CASK-
KO synapses in a single culture of cortical neurons from littermate mice analyzed with 
randomized electron micrographs. 
 

3.1.6 Membrane Properties of CASK-Deficient Neurons.  

To assess the overall integrity of CASK-deficient neurons and test whether CASK 

is essential for the normal trafficking of ion channels to the plasma membrane, we 

analyzed the excitability of CASK-deficient neurons. We performed current-clamp 
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recordings to measure the resting membrane potential, input resistance, and action 

potential firing properties (Figure 3.7 A–C). All parameters were indistinguishable 

between CASK KO and control neurons, suggesting that CASK performs no essential 

role in determining the membrane properties of neurons. We also analyzed Ca2+ currents 

to further assess potential deficits in channel trafficking, but again we observed no 

significant changes (Figure 3.7 D and E).  

 93



 

Figure 3.7: Electrical properties of CASK KO neurons. (A) Comparative analysis of 
membrane conductance in neurons at 14 days in vitro from littermate WT and CASK-
deficient mice. Neurons were examined in current-clamp mode in the presence of 1 µM 
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tetrodotoxin (mean input resistance: 357.08 ± 19.4 M ). The neuronal membrane 
potential was measured in response to 200-ms current injections, with an 800-ms interval 
between current injections. The graph plots the membrane potential as a function of 
injected current; in coincident values for WT and KO neurons, the symbol for the KO 
neuron is superposed on the symbol for the WT neuron (n = 9 mice used for cultures). (B 
and C) Analysis of action potential generation in WT and CASK-deficient neurons. 
Neurons held in current-clamp mode were injected with 200-ms pulses of current in the 
absence of tetrodotoxin, and the amplitude and firing threshold of the resulting action 
potentials were analyzed. B shows representative recordings from a KO neuron, and C 
shows summary graphs from WT and KO neurons (n = 8 and 5 independent cultures, 
respectively; data are not corrected for junction potential). (D) Representative traces of 
HVA Ca2+ currents evoked by a step depolarization from –70 mV to 0 mV in brainstem 
pre-Bötzinger complex neurons of WT and CASK KO mice. (E) Summary graph 
depicting average HVA Ca2+ current densities. 
 

3.1.7 Spontaneous Neurotransmitter Release in CASK KO Mice.  

To examine the properties of basic synaptic transmission in CASK KO synapses, 

we performed whole-cell voltage-clamp recordings in cultured cortical pyramidal 

neurons. We measured excitatory and inhibitory spontaneous "mini" events separately 

(Figure 3.8). The excitatory minifrequency was potentiated >2-fold in CASK KO neurons 

(WT = 1.8 ± 0.2 Hz; CASK KO 3.9 ± 0.7 Hz; P = 0.0066), whereas the inhibitory 

minifrequency was decreased 1.4-fold (WT = 3.8 ± 0.7 Hz; CASK KO = 2.3 ± 0.2 Hz; P 

= 0.045). For both types of synapses, however, the amplitudes and kinetic properties of 

spontaneous release events (i.e., decay times of the spontaneous release events) were 

unchanged (Figure 3.8 C and Figure 3.9).  
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Figure 3.8: Analysis of spontaneous release events in CASK KO mice. (A) 
Representative traces from recordings of the spontaneous miniature synaptic events 
(minis). Cultured cortical neurons at 14 days in vitro were analyzed in voltage-clamp 
mode in the presence of 1 µM tetrodotoxin. Glutamatergic and GABAergic responses 
were examined separately upon addition of 50 µM picrotoxin or 10 µM CNQX and 50 
µM AP-5, respectively. The box at the bottom displays a representative single event at 
high resolution. (B and C) Comparison of the minifrequencies (B) and miniamplitudes 
(C) for glutamatergic and GABAergic minievents in WT and CASK-deficient neurons 
(means ± SEMs; n = 3 independent cultures for glutamatergic, n = 15 neurons for WT, 
and n = 19 neurons for KO; n = 4 independent cultures GABAergic, n = 33 neurons for 
WT, and n = 35 neurons for KO). Statistical significance was assessed in pairwise 
comparisons by using Student's t test. 
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Figure 3.9: Mini decay times (D) for glutamatergic and GABAergic events in WT and 
CASK-deficient neurons. Decay times show 100-37% intervals. All data are means ± 
SEMs from neurons recorded in three or four independent cultures for glutamatergic and 
GABAergic synaptic events, respectively. 

3.1.8 Vesicle Pool Sizes in CASK KO Mice.  

Could changes in the mini-frequency be due to changes in the number of 

synapses? To account for this possibility, we recorded synaptic responses to 

hyperosmotic stimulation by hypertonic sucrose (0.5 M) that causes the release of readily 

releasable vesicles by a Ca2+-independent mechanism. We observed a marginally 

significant decrease in the sucrose responses of KO synapses (84 ± 5% of WT, P = 0.048) 

(Figure 3.10).  
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Figure 3.10: Synaptic responses evoked by hypertonic sucrose in WT and CASK-
deficient neurons. (A) Sample recordings of synaptic responses to a local application of 
500 mM sucrose in Tyrode solution in the presence of 1 μM tetrodotoxin. (B) Relative 
amount of total release induced by hypertonic sucrose in CASK-deficient neurons. The 
total charge transfer triggered by sucrose application was determined by integrating the 
area over a 30 second stimulation. Data shown are means ± SEMs from six independent 
cultures. 

 

To test whether there was a significant change in the vesicle pool sizes, we next 

analyzed the properties of synaptic vesicle turnover in synapses from CASK-deficient 
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and control mice using activity-dependent labeling of synaptic vesicles with styryl dyes 

(Kavalali et al., 1999). We examined cultured cortical neurons at two different 

developmental stages in vitro (at 8 and 13 days in vitro), and explored the size and 

turnover of the actively recycling vesicle pool using FM2-10 or FM1-43 styryl dyes 

(Figure 3.11). At both developmental stages examined, the kinetics of dye loss as a 

function of stimulation and the size of the actively recycling vesicle pool were 

indistinguishable between CASK-deficient and control synapses. Thus there is no major 

change in the size and overall responsiveness of synaptic vesicle pools in CASK-deficient 

neurons. 

 

Figure 3.11: Vesicle pool sizes in WT and CASK-deficient neurons determined by 
FM1-43 staining at two different stages of development in vitro [8 (A and B) and 13 
(C and D) days in vitro]. (A and C) Destaining kinetics of synapses labeled with FM1-43 
during field stimulation (10 Hz/30 mA current per stimulus). (B and D) Cumulative 
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histogram of vesicle pool sizes after subtracting background fluorescence of synapses 
stained with FM1-43. Synapses were loaded for all experiments with a 90-sec incubation 
in 47 mM KCl containing FM1-43 at 8 μM (n = 7 for WT and KO cultures for A and C, 
and n = 5 for WT and KO cultures for B and D). 

3.1.9 Evoked Neurotransmitter Release in CASK KO Mice. 

  In a final set of experiments, we analyzed excitatory and inhibitory postsynaptic 

currents (EPSCs and IPSCs, respectively) induced by field stimulation. We analysed the 

mean amplitudes of responses under four separate pharmacological conditions that either 

measured the total synaptic responses (i.e., both EPSCs and IPSCs), separately examined 

glutamatergic responses using inhibition of GABA-ergic responses by picrotoxin (50 

μM) or of GABA-ergic responses using inhibition of glutamatergic responses by CNQX 

(10 μM) and AP5 (50 μM), or measure only NMDA-receptor mediated glutamatergic 

responses. For all of these recordings, the holding potential in the postsynaptic patched 

cell was kept at -70 mV except for the measurements of NMDA-receptor responses 

where the holding potential was kept at +40 mV. The latter experiments were performed 

because indirect data have implicated CASK in NMDA receptor trafficking (Setou et al., 

2000). 

 In all of these experiments, we detected no significant difference between CASK-

deficient and wildtype neurons obtained from littermate mice (Figure 3.12 A-H), 

suggesting that CASK performs no essential function in synaptic transmission, either in 

presynaptic channel trafficking or in postsynaptic receptor trafficking. However, it is 

possible that a subtle modulatory effect of CASK would have been missed in these 

experiments. To address this possibility at least in part, we monitored the release 

probability in CASK-deficient neurons by measuring the size of synaptic responses upon 

application of two closely spaced stimuli (Figure 3.12 I-K). The relative size of the 
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second to the first response in such measurements is very sensitive to alterations in 

release probability (Zucker and Regehr, 2002). However, we failed to detect any 

significant difference between CASK KO and WT synapse in paired-pulse ratio.  

 

Figure 3.12: Evoked synaptic responses in CASK KO mice. Whole-cell recordings in 
voltage-clamp mode were obtained from cultured cortical neurons; responses were 
triggered by field stimulation. (A–F) Amplitudes of evoked synaptic responses in WT 
and CASK-deficient neurons. Synaptic responses to isolated action potentials were 
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measured in cultured cortical neurons (14 days in vitro) in voltage-clamp mode by whole-
cell recordings. Responses were monitored at a holding potential of –70 mV in the 
absence of receptor blockers (A and B show total responses; n = 83 CASK KO and n = 
72 WT neurons), in the presence of 10 µM CNQX and 50 µM AP-5 (C and D show 
glutamatergic responses; n = 12 CASK KO and n = 11 WT neurons), or in the presence 
of 50 µM picrotoxin (E and F show GABAergic responses; n = 11 CASK KO and WT 
neurons). (G and H) NMDA receptor-dependent responses were recorded from a holding 
potential of +40 mV in 50 µM picrotoxin (H; n = 11 CASK KO and WT neurons). (I) 
Paired-pulse facilitation. Shown is a summary graph [size of the second response divided 
by the size of the first response to two closely spaced stimuli (paired-pulse ratio); n = 24 
KO and n = 23 WT neurons]. All data shown are means ± SEMs. 
 

To complete our search for potential subtle abnormalities in synaptic vesicle 

function in CASK-deficient synapses, we investigated the synaptic properties in CASK 

KO mice during sustained stimulation. We measured synaptic responses in whole-cell 

voltage-clamped neurons during field stimulations with 300 pulses administered at 1, 5, 

10, and 20 Hz. Plots of synaptic currents, normalized to the first response, revealed no 

significant difference between WT and CASK-deficient neurons (Figure 3.13). Overall, 

these results establish that any essential synaptic function of CASK would have to be 

relatively subtle to be missed in the current experiments.  
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Figure 3.13: Short-term synaptic plasticity in CASK-deficient neurons. Use-
dependent synaptic depression during high frequency repetitive field. The graphs display 
the average of the normalized values determined at four stimulation frequencies as 
indicated (n = 19 cells for WT and n = 21 cells for KO at 1 Hz, n = 5 cells for WT and 
KO at 5Hz, n = 7 cells for WT and n = 12 cells for KO at 10 Hz, n = 7 cells for WT and 
KO for 20 Hz stimulation). 

3.1.10 Summary 

In the present study, we produced two mouse models to investigate the function of 

CASK, an unusual MAGUK protein with a unique N-terminal domain that is 

homologous to calcium/calmodulin-dependent protein kinase IIα: CASK knockin mice 

that contain a floxed CASK gene and express only ~35% of normal CASK, and CASK 

KO mice that express no CASK. Using these mouse mutants, we demonstrate that CASK 
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is essential for survival. Deletion of CASK leads to a partially penetrant cleft palate 

phenotype, as previously observed with mutant mice containing an transgenic insertion in 

the CASK gene (Laverty and Wilson, 1998). However, in the previous study it was 

unclear whether the insertion mutant represents a null-mutant, or whether a truncated 

protein with a dominant-negative activity is responsible. This question is clarified in the 

present study by showing that this phenotype is also caused by a null mutation. Cleft 

palate is a syndrome observed with many mouse mutants, including that of another 

MAGUK, dlg (Caruana and Bernstein, 2001). The presence of a cleft palate in CASK KO 

mice agrees well with the ubiquitous distribution of the protein (Hata et al., 1996), but is 

not in itself indicative of a particular function for CASK. Interestingly, mutations in 

PVRL1, a cell-adhesion molecule that contains a C-terminal CASK binding sequence, 

also cause a cleft palate syndrome in humans, suggesting a possible pathway by which 

CASK deletion induces cleft palate (Suzuki et al., 2000). We did not observe any other 

developmental phenotype in the CASK KO mice besides the cleft palate; moreover, even 

the cleft palate phenotype was not uniformly penetrant in all CASK-deficient mice. Thus, 

although CASK performs a central developmental function in C. elegans where it is 

encoded by the Lin-2 gene (Hoskins et al., 1996), it is not absolutely required for normal 

development in mice. 

 In our analysis of the CASK KO mice, we focused on brain because this organ 

expresses by far the highest levels of CASK (Hata et al., 1996). Quantitations of brain 

protein levels revealed discrete changes that confirm the importance of previously 

reported interactions of CASK with neurexins: a decrease in β-neurexins, supposed 

ligands for CASK, and an increase in neuroligins, supposed ligands for neurexins (Fig. 
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1). In addition, we observed changes in Mint 1 and in Velis which form a tripartite 

complex with CASK in brain (Butz et al., 1998). As an important control, we did not 

observe massive changes in other synaptic or non-synaptic proteins, a finding that 

confirms the selective nature of the CASK KO. 

 To search for functional deficits resulting from the CASK deletion, we studied the 

properties of CASK-deficient neurons electrophysiologically. These experiments tested 

the multiple hypotheses that were previously advanced about CASK functions, e.g. roles 

in trafficking Ca2+ channels to the synapses (Maximov et al., 1999), in targeting 

potassium channels (Leonoudakis et al., 2004) and/or the Ca2+ pump 4b/Cl (Schuh et al., 

2003) to the plasma membrane, or in building active zones by interacting with liprins 

(Olsen et al., 2005). Our results did not establish major deficits in any of these 

parameters. The basic electrical properties of the neurons were not significantly altered, 

and evoked synaptic transmission was not affected by a major change. The only notable 

alteration we observed was a change in the frequency of spontaneous release events, 

consistent with notion that CASK functions in the presynaptic terminal at the active zone. 

Although our data do not rule out the many functions suggested in previous studies (e.g., 

functions in trafficking Ca2+ or potassium channels, or as transcription factors), our data 

clearly establish that such functions are not responsible for the lethality observed in the 

CASK KO mice. 

 Our study raises several important questions. First, clearly CASK is not 

functionally redundant in all of its activities with other MAGUKs because deletion of 

CASK causes lethality, and does not perform a central role in neuronal ion channel 

function, synaptic transmission, or development. What then is the function of CASK that 
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is responsible for the lethality of CASK KO mice? Second, in a related question raised by 

our data, why does CASK contain a domain that is homologous to calcium/calmodulin-

dependent protein kinase II but is catalytically inactive, and that is missing from all other 

MAGUKs? Addressing these questions will now be possible with the availability of the 

constitutive and conditional KO mice reported here. 

3.2 Analysis of Mint 1,2,3 TKO mice 

Various functional hypotheses about Mints have emerged. However, in 

vertebrates, only Mint 1 was examined genetically, and little is known about the in vivo 

functions of vertebrate Mints (Mori et al., 2002; Ho et al., 2003). Deletion of Mint 1 does 

not alter survival and brain development but selectively impairs inhibitory synaptic 

transmission (Ho et al., 2003), similar to the short-term synaptic plasticity changes 

observed in Veli/MALS knock-out (KO) mice (Olsen et al., 2005). Mints 1, 2, and 3 are 

coexpressed in neurons throughout the brain; interestingly, Mint 1 is particularly 

abundant in inhibitory interneurons (Ho et al., 2003), suggesting that the limited 

phenotype in inhibitory neurons observed in Mint 1 KO mice is attributable to functional 

redundancy between Mints. Thus, to better define the essential role of Mints, we have 

now generated and analyzed mutant mice lacking multiple Mints as constitutive and 

conditional KOs. Our data demonstrate that Mints are essential for mouse survival and 

that their deletion produces a presynaptic functional deficit.  

3.2.1 Analysis of Mint DKO and TKO in cultures 

For the initial analysis of the effects of double or triple mint knock-out we  

performed experiments either on surviving animals or from cultured neurons prepared 

from newborn pups where single or double knock-out used as a control respectively. As 

 106



shown in Figure 3.14  and Figure 3.15, analysis of Mint 1-2 DKO (Mint1 KO used as a 

control) and analysis of Mint 1-2-3 TKO (Mint 1-2 DKO used as a control) using FM 

dyes or electrophysiology, did not reveal any significant differences. One possibility is 

that our control mice had already phenotype that deletion of second copy of Mints did not 

cause further phenotype. Another possibility is, the neurons had enough time to 

compensate for the lack of the Mint proteins therefore, saddle differences might have 

been lost.  

 

 

Figure 3.14: Analysis of Mint DKO and Mint TKO using FM 1-43.  We did not detect 
any significant change in the destaining kinetics or vesicle pools size.   
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Figure 3.15: Analysis of Mint DKO and Mint TKO using whole cell voltage clamp 
recordings.  We did not detect any significant change in the mini frequency amplitude or 
other parameters for inhibitory and excitatory neurons.  
 

3.2.2 Acute deletion of Mint proteins by lentiviral cre infection of cultured neurons 

A potential problem in the analysis of the adult surviving Mint 1/2 double KO 

mice is that unknown compensatory processes operating prenatally or postnatally may 

alter the phenotype. Understanding such processes would be interesting in its own right 

because they could potentially provide insight into the function of Mints, but they cannot 

be pursued without an idea of whether such compensatory processes actually exist and 

what their direction may be. Because we produced the Mint KO mice as conditional 

deletions, we can potentially address this problem by acutely deleting Mint expression 

postnatally using cre recombinase. Such an approach provides the added advantage that it 

makes it possible to delete all three Mints at once, allowing a direct comparison of 

neurons with the same genetic background and developmental history that either contain 

or lack all three Mint proteins.  
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To achieve an acute Mint KO, we established a mouse line that is homozygous for 

the floxed mutant alleles of all three Mint genes. The homozygous triple knock-in mice 

are viable and fertile and exhibit no overt morbidity, abnormalities, or survival 

impairment, consistent with the notion that Mint proteins in these mice are fully 

functional. We then cultured neurons from newborn homozygous Mint triple knock-in 

mice and infected them with lentiviruses at 4 DIV for 48 h. The lentiviruses used either 

express a functional cre recombinase GFP fusion protein or a mutant cre recombinase 

GFP fusion protein as a negative control. Infected neurons were cultured until 13–15 DIV 

and then analyzed biochemically, morphologically, and electrophysiologically.  

Immunoblotting of infected cultured neurons expressing mutant cre recombinase 

showed normal expression of all three Mint proteins, whereas infected neurons 

expressing active cre recombinase lacked all three Mint proteins (Figure 3.16 A). This 

result was confirmed by PCR analyses (data not shown). As assessed by 

immunocytochemical staining for synapsin and MAP2 (microtubule-associated protein 

2), Mint-deficient neurons appeared to be healthy and exhibited an apparently normal 

morphology (Figure 3.16 B and data not shown). Electron microscopy revealed normal 

synaptic structure of presynaptic nerve terminals with clustered synaptic vesicles at the 

active zone and a filamentous postsynaptic density in Mint-deficient neurons (Figure 3.16 

C).  
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Figure 3.16: Acute deletion of all three Mint proteins in neuronal cultures infected 
with lentiviral cre recombinase (crewt) or cremut (vector carrying deletion of cre 
recombinase). Neurons were cultured from Mint triple-floxed newborn pups and 
infected with either lentiviral crewt or cremut at 4 DIV for 48 h. Lysates were collected at 
14 DIV and subjected for SDS-PAGE and immunoblot for all Mint 1, 2, and 3 with GDP 
dissociation inhibitor (GDI), a ubiquitously expressed protein used as internal loading 
control. A, Neuronal cultures infected with cremut virus showed normal expression of all 
three Mint proteins, whereas lentiviral infection with crewt efficiently deleted all three 
Mint protein expressions. B, Neuronal cultures transfected with lentiviral cremut or crewt 
displayed normal synaptic staining with the synaptic marker synapsin. Both lentiviral 
vectors contain nuclear localization signal, and a GFP tag that labels cell nuclei of 
infected neurons exclusively. C, Synaptic structure of neuronal cultures transfected with 
lentiviral cremut and crewt showed normal presynaptic nerve terminal clustered with 
synaptic vesicles at the active zone with a filamentous postsynaptic density. Scale bars: 
B, 30 µm; C, 400 nm. 
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Quantitative immunoblotting uncovered dramatic changes in a subset of neuronal 

proteins (Figure 3.17). Specifically, four changes were observed: a large increase (27–

51%) in members of the Fe65 adaptor protein family, a similarly significant increase in 

the levels of Munc18-1 (33%; note that Munc18-1 interacts with Mints 1 and 2) 

(Okamoto et al., 1997) and of the AMPA-type glutamate receptor GluR1 (27%; note that 

AMPA-type glutamate receptor trafficking is altered in C. elegans Mint 1/LIN-10 

mutants) (Rongo et al., 1998), and a smaller but still significant decrease (14%) in the 

cell-surface receptor low-density lipoprotein receptor-related protein (LRP). Several 

proteins that are thought to interact with Mints were not changed, in particular APP. The 

levels of proteins that might be functionally related to Mints, such as CASK, Velis, and 

NMDA-type glutamate receptors were also unchanged. The increase in Fe65 expression 

was specific because the levels of another adaptor protein called Disabled that also 

contain a PTB domain with APP-binding activity did not change in Mint KO mice. These 

results strongly suggest that Mint proteins function by binding to Munc18-1 and to Fe65 

adaptor proteins but do not exclude an additional functional relation of Mints to APP 

(which binds to both Fe65-like adaptors and to Mints).  
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Figure 3.17: Effect of Mint-deficient neurons on protein level expression. Levels of 
selected brain proteins in Mint-deficient neurons (crewt; black bars) and control (cremut; 
gray bars) at 13–15 DIV. As expected, we efficiently abolished all three Mint expressions 
in neurons that were treated with crewt compared with cremut control neurons. We found 
a selective increase in Fe65 family of adaptor proteins (Fe65, Fe65L1, and Fe65L2), 
postsynaptic receptor GluR1, and synaptic protein Munc18-1. Meanwhile, a small 
significant decrease in LRP protein was observed in Mint-deficient neurons. APOE, 
Apolipoprotein E; NR1, NMDA receptor subunit 1; SNAP25, soluble N-ethylmaleimide-
sensitive factor attached protein 25. 
  

 3.2.3 Acute deletion of Mints impairs presynaptic function 

To test whether acute deletion of all Mints impairs synaptic transmission, we 

performed whole-cell recordings in cultured neurons from triple Mint knock-in mice in 

which Mint expression was acutely ablated. The cultured neurons were infected with 

lentivirus that expresses either cre recombinase or a mutant cre recombinase as a control, 

and synaptic events were monitored by patch-clamp recordings. We first measured 

spontaneous miniature currents of excitatory and inhibitory synapses of Mint-deficient 

neurons. Mint-deficient neurons showed an 30% reduction in "mini" frequency in both 

excitatory and inhibitory synapses compared with control neurons that were infected with 

cre mutant (Figure 3.18 A,B). However, mini amplitudes were not significantly different 

between Mint-deficient neurons and control neurons, suggesting that acute deletion of 
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Mints alters the presynaptic release machinery but is unlikely to impair postsynaptic 

receptors.  
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Figure 3.18: Altered synaptic responses in Mint-deficient neurons. A, B, Sample 
traces showing miniature excitatory and inhibitory recordings of cremut and crewt at 13–
15 DIV. Bar graphs of the quantification revealed a significant decrease in miniature 
frequency but not amplitude in neurons transfected with crewt that abolished all three 
Mint proteins. C, D, Sample traces showing sucrose-evoked excitatory and inhibitory 
recordings of cremut and crewt at 13–15 DIV. Bar graphs showed a significant decrease 
in sucrose-evoked response in excitatory but not inhibitory synapses of Mint deficient 
neurons. Data shown represent absolute mean EPSP and IPSP amplitudes. E, F, Plots of 
10–90% rise times and half-width showed no changes. G, H, Traces of synaptic 
depression responses recorded from excitatory and inhibitory neurons, respectively, 
during a 10 Hz stimulation. 
  

  We then examined whether the decrease in the frequency of spontaneous synaptic 

events was caused by a change in the size of the readily-releasable pool of vesicles in 

Mint-deficient neurons by measuring the synaptic response to hypertonic sucrose 

application (Rosenmund and Stevens, 1996) (Figure 3.18). We found a substantial, highly 

significant decrease in sucrose-evoked excitatory postsynaptic currents (45%), and a 

much smaller, not statistically significant decrease in sucrose-evoked inhibitory 

postsynaptic currents in Mint-deficient neurons compared with control neurons (Figure 

3.17 C,D). In these experiments, we applied sucrose by gravity perfusion that may be 

variable and thereby contribute to differences in the size of the evoked currents. To 

control for this possible artifact, we plotted the 10–90% rise times and half-width of 

sucrose-induced responses in floxed control and Mint-deficient neurons (Figure 3.18 

E,F). We observed no changes in either of the plots, suggesting that the experiments were 

internally controlled and that the differences we observed between excitatory and 

inhibitory sucrose-evoked responses are accurate. Viewed together, these results indicate 

that in excitatory synapses, deletion of Mints induces a similar decrease in spontaneous 

miniature frequency and in the number of vesicles in the readily-releasable pool, whereas 
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in inhibitory synapses, no such correlation is present. Consistent with this conclusion, we 

found that use-dependent depression was initially increased in the mutant excitatory 

synapses during repetitive 10 Hz stimulation, but not in inhibitory synapses (Figure 3.18 

G,H). However, we did not see any significant change in evoked responses both 

excitatory and inhibitory (Figure 3.19) 

Is it possible that the increase in Munc18-1 observed in Mint-deficient neurons 

contributes to the synaptic phenotype of these neurons, a possibility that is raised by the 

fact that Munc18-1 acts in neurotransmitter release (reviewed in Südhof, 2004)? To test 

this possiblity, we overexpressed a Munc18–GFP fusion protein in cultured wild-type 

neurons, using overexpression of GFP alone as a control, and then measured spontaneous 

release in excitatory and inhibitory synapses in these neurons. In both excitatory and 

inhibitory synapses, Munc18-1 overexpression suppressed the mini frequency 40% 

compared with control neurons overexpressing GFP alone (Figure 3.20 A,B). As 

observed before with the Mint deletions, Munc18-1 overexpression did not alter mini 

amplitudes, suggesting that the increase in Munc18-1 expression may contribute to the 

selective presynaptic deficits we observed in Mint-deficient neurons.  

 

Figure 3.19: Deletion of Mints does not affect evoked neurotransmission. 
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Figure 3.20: Munc18-1 overexpression decreases spontaneous miniature frequency 
in excitatory and inhibitory synapses. A, B, Sample traces showing miniature 
excitatory and inhibitory recordings of GFP and GFP–Munc18 at 13–15 DIV. Bar graphs 
showed a significant decrease in miniature frequency but not amplitude in both excitatory 
and inhibitory synapses in Munc18-1 overexpressed neurons compared with GFP alone. 
  

 3.2.4 Summary  

The present study was designed to gain insight into the elusive functions of 

Mint/X11 proteins. The evolutionary conservation, multiple protein interactions, and 

dramatic in vitro effects mediated by Mints suggest that they are important. Moreover, 

careful analyses in C. elegans mutants lacking the single Mint 1/X11 homolog revealed 

an important developmental role for Mints. Despite this wealth of information, however, 

little progress has been made in understanding the functions of Mints in vertebrates. As a 

first step to address this question, we have now performed a systematic genetic study in 

which all three vertebrate Mint genes were targeted in mice. We analyzed both 

constitutive and conditional KOs and examined the mutant mice for changes in neuronal 
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development, brain composition, and synaptic function. Our results allow several 

principal conclusions.  

First, Mints 1 and 2 perform a critical synaptic function that manifests as changes 

in the presynaptic release of neurotransmitters in Mint KO mice. In cultured neurons 

from newborn Mint triple knock-in mice in which the deletion of Mints was induced 

acutely by lentiviral expression of cre recombinase, exhibited electrophysiological 

changes consistent with impairments in presynaptic neurotransmitter release. 

Furthermore, the presynaptic deficits we observe electrophysiologically were not caused 

by a decrease in synaptic density, suggesting that the synaptic deficit we observe is most 

likely attributable to a decrease in synaptic vesicle release probability. In conditional 

knock-out preparation we had the advantage to be able to compare Mint 1/2/3 triple KO 

neurons with wild-type neurons, whereas in the chronic KO analysis, we compared Mint 

1/2 double KO mice with Mint 1 single KO mice. Since Mint 1 KO mice exhibit an 

impairment in the regulation of GABA release at inhibitory synapses (Ho et al., 2003), 

we would not notice such an impairment in a comparison of Mint 1/2 double KO mice 

with Mint 1 single KO mice. Mints 1 and 2 clearly perform redundant functions, but Mint 

1 is dominant in inhibitory synapses because it is highly enriched in inhibitory 

interneurons.  

Second, the redundancy of Mints 1 and 2 in terms of survival, behavior, and 

excitatory synaptic transmission  suggests a common function. Because only Mint 1 but 

not Mints 2 or 3 bind to CASK and participate in the tripartite CASK/Mint/Veli complex 

(Butz et al., 1998; Ho et al., 2003), this function has to be independent of CASK, similar 

to the previously described function of C. elegans Mint homolog lin-10 in glutamate 
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receptor trafficking (Rongo et al., 1998). An interesting candidate for mediating the 

presynaptic function of Mints 1 and 2 is their common binding to Munc18-1, a 

membrane-fusion protein at the synapse (Hata et al., 1993). A role for Munc18-1 binding 

in the presynaptic function of Mints would also be consistent with the lack of Munc18-1 

binding by Mint 3, the lack of functional redundancy in terms of survival between Mints 

1 and 2 on the one hand, and Mint 3 on the other. The observation that Munc18-1 

exhibits a significant increase (33%) in neurons in which Mints were acutely deleted 

strongly supports the physiological importance of Munc18-1 binding to Mints. This 

increase indicates that the previously observed in vitro interaction of Mints with Munc18-

1 (Okamoto and Südhof, 1997, 1998) operates in vivo and suggests that this interaction 

may be responsible for the observed changes in presynaptic function. This view was 

supported by overexpression of Munc18-1 in neuronal cultures in which we were able to 

induce a similar decrease in miniature frequency in both excitatory and inhibitory 

synapses. Although the overall evidence is not conclusive, viewed together these results 

strongly suggest that Munc18-1 binding to Mints is a major regulator of presynaptic 

neurotransmitter release.  

In addition to providing an initial insight into the functions of Mint proteins, our 

study is to our knowledge the first to directly compare the effects of a chronic 

constitutive deletion of a protein in adult animals with that of an acute deletion in 

cultured neurons. We demonstrate that it is feasible to delete three genes at once in 

cultured neurons by lentiviral expression of cre recombinase, opening up new avenues to 

analyzing KO mice in which multiple genes are manipulated. This feasibility would not 

necessarily have been expected considering the fact that six alleles have to be acutely 
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recombined in order for this experiment to work and suggests that similar deletions 

should be possible in adult animals by local injection of lentiviruses. Our results show 

that chronic versus acute deletions of Mints gives similar but not identical results, despite 

the comparable presynaptic impairment observed electrophysiologically. Specifically, we 

did not detect in the constitutively mutant adult brains that lack Mints 1 and 2 the same 

changes in protein expression that were detected in acutely Mint-deleted cultured 

neurons. This observation is consistent with the notion that constitutive deletions elicit 

compensatory changes, which make interpretation of KO results more difficult but also, 

at least potentially, more interesting if the compensatory processes can be identified.  

 

3.3 Metarial and Methods 

3.3.1 Generation of CASK knockin and knockout mice.  

Using genomic clones containing the first coding exon of the CASK gene, we 

constructed a targeting vector for homologous recombination by standard procedures 

(Rosahl et al., 1995), and used this vector in homologous recombination experiments 

with embryonic R1 stem cells (Nagy et al., 1993) to generate mutant mice. All analyses 

reported here were performed on littermate mice derived from heterozygous breedings. 

3.3.2 Immunoblotting analyses.  

Protein quantifications were performed on brain tissue homogenized in PBS, 10 

mM EDTA, 1 mM PMSF and proteinase inhibitors from 3 pairs of adult littermate mice 

per genotype, using quantitative immunoblotting with 40 μg protein/lane. Blots were 

reacted with 125I-labeled secondary antibodies followed by PhosphorImager (Molecular 
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Dynamics, Sunnyvale, CA) detection and GDP dissociation inhibitor or vasolin-

containing protein as internal controls as described previously. 

3.3.3 Cell Culture:  

Mixed cultures from cortex of newborn CASK KO mice and wild type littermates 

are prepared as described (Maximov and Sudhof, 2005) 

3.3.4 Optical Imaging  

Optical imaging were performed as described in (Deak et al., 2004)  with cultured 

cortical neurons at 8 DIV and 13 DIV loaded with styryl dyes (FM1-43 at 8 µM or FM2-

10 at 400 µM; both from Molecular Probes, Eugene, OR).  

3.3.5 Electrophysiology.  

Synaptic responses were monitored in cultured cortical neurons or from pre-

Bötzinger complex (PBC) neurons in acute brainstem slices using whole-cell recordings 

(see Suppl. Materials for details). Excitatory and inhibitory responses were obtained after 

pharmacological isolation with 50 µM picrotoxin or 10 µM CNQX and 50 µM AP-5, 

respectively. All mini analyses were performed in the presence of 1 µM TTX.  

3.3.6 Microscopy  

Light microscopy analyses were performed on sections from fixed newborn 

mouse brains, and electron microscopy on cultured neurons at 13 DIV

 Miscellaneous. All data shown are means + SEMs. Statistical significance was 

determined by Student’s T-test. 
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CHAPTER 4 

SYNAPTIC VESICLE RECYCLING ADAPTS TO CHRONIC 

CHANGES IN ACTIVITY 

4.1 Background 

Repetitive action potential (AP) firing elicits rapid synaptic depression, which is 

characterized by a marked decrease in postsynaptic responses to a plateau level. 

Typically, the time course of neurotransmission during depression follows a biphasic 

profile. The early phase of depression is in part attributed to depletion of a readily 

releasable pool of vesicles. This rapid phase is followed by tonic release sustained either 

by mobilization of synaptic vesicles from a reserve pool, or rapid reuse of previously 

fused vesicles (Wu, 2004; Rizzoli and Betz, 2005). The magnitude and the kinetics of 

these two components, and the relative contribution of the two phases to 

neurotransmission during repetitive activity, vary among synapses. For instance, there is 

significant variability in the rate of short-term synaptic depression among cerebellar 

synapses as well as hippocampal and cortical synapses (Dobrunz and Stevens, 1997; 

Dittman et al., 2000; Petersen, 2002). These properties of a synapse are generally 

considered to be hard-wired depending on the type and morphology of a synapse, as well 

as on the identity of presynaptic and postsynaptic neurons (Zucker and Regehr, 2002; 

Abbott and Regehr, 2004). However, in the neuromuscular junction, there are clear 

examples of conversion of synapses between tonic and phasic release properties 

depending on their history of use (Lnenicka and Atwood, 1985; Lnenicka et al., 1986; 

Bewick, 2003; Reid et al., 2003). Recent experiments in cortical slice cultures also 
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suggest a role of cortical network activity as a potent regulator on short-term depression 

(Reig et al., 2006).  

Most commonly studied presynaptic forms of plasticity alter the probability of 

vesicle fusion or the number of readily releasable vesicles, which in turn modify the rate 

of the rapid phase of depression. In the CNS, however, synapses contain a small number 

of recycling vesicles and at the same time face varying frequencies and durations of 

stimulation because of fluctuating levels of network activity. The ability of central 

synapses to effectively meet these challenges for long periods of activity would be 

significantly bolstered if the properties of vesicle recycling as a whole were modifiable, 

in addition to vesicle fusion probability or the number of releasable vesicles. Currently, 

there is no information on the long-term adaptability and plasticity of synaptic vesicle 

dynamics in response to challenges imposed by network activity.  

Here, we took advantage of the different background activity levels in 

hippocampal and neocortical cultures to study the responsiveness of vesicle recycling to 

chronic alterations in activity. We found two parameters to be plastic in different 

synapses in response to changing chronic activity: mobilization of vesicles from the 

reserve pool and vesicle reuse. In hippocampal cultures, a decrease in the normally high 

levels of network activity, with tetrodotoxin (TTX) incubation, increased synaptic 

depression by reducing the rate of vesicle mobilization from the reserve pool with little 

effect on the rate of vesicle reuse. In contrast, the rate of synaptic vesicle reuse in 

neocortical synapses responded robustly to changes in activity levels. Incubation with 

picrotoxin (PTX) slowed synaptic depression by significantly increasing synaptic vesicle 

reuse rate, whereas TTX treatment did not significantly change the rate of synaptic 
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depression but slowed synaptic vesicle reuse. Interestingly, in neocortical cultures, 

neither of these treatments had a major effect on synaptic vesicle mobilization from the 

reserve pool. Our results suggest that network activity is a critical determinant of synaptic 

vesicle trafficking and the resulting synaptic response dynamics. Therefore, we propose 

that synaptic vesicle trafficking can adapt to demand and that different synapses use 

alternate strategies to adjust to network activity levels.  

4.2 Results 

4.2.1 The kinetics of sustained neurotransmitter release in hippocampal versus 

neocortical cultures 

To investigate the functional diversity of synapses in response to repetitive stimulation, 

we used dissociated cultures from neocortex and hippocampi of newborn rats. We 

analyzed synaptic function at least after 2 weeks in culture to allow sufficient time for 

synaptic properties to reach maturity. For this analysis, we selected moderate 10 Hz 

stimulation because previous studies have shown that this frequency leads to substantial 

synaptic depression as well as turnover of the total vesicle pool without saturation of the 

vesicle recycling machinery (Ryan and Smith, 1995; Klingauf et al., 1998; 

Sankaranarayanan and Ryan, 2001; Sara et al., 2002; Fernandez-Alfonso and Ryan, 

2004). This setting, thus, allows ample dynamic range for potential plasticity. When we 

applied 10 Hz stimulation and recorded synaptic responses from neurons with pyramidal 

morphology in both cultures, synapses onto neocortical neurons showed more 

pronounced depression compared with hippocampal synapses of the same age (fast, 0.9 ± 

0.2 vs 3.5 ± 0.8 s; p < 0.01; relative amplitude of fast, 65 ± 4 vs 50 ± 6%, for neocortical 

and hippocampal neurons, respectively) (Figure 4.1 A,B). In neocortical cultures, the 
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amplitude of initial synaptic responses was slightly higher than in hippocampal cultures, 

but the difference did not reach significance [neocortical (n = 21), 3.5 ± 0.4 nA; 

hippocampal (n = 8), 2.9 ± 0.6 nA; p > 0.5]. This difference between the two depression 

patterns could not be attributed to factors such as differences in receptor desensitization 

or in the contribution of excitatory versus inhibitory synapses to overall activity. 

Application of cyclothiazide to block AMPA receptor desensitization decreased the time 

constant of rapid depression in both cultures, but the difference in the rates of depression 

between neocortical and hippocampal cultures was not substantially effected by the 

cyclothiazide treatment (fast, 0.4 ± 0.1 and 2.9 ± 0.9 s; relative amplitude of fast, 71 ± 5 

and 60 ± 3%, for neocortical and hippocampal neurons, respectively) (Figure 4.1 C). The 

ratio of EPSCs and IPSCs determined after pharmacological isolation of the two current 

components was also similar between the two cultures (EPSC/IPSC: neocortical, 1.20 ± 

0.30; hippocampal, 1.19 ± 0.23).  

 

 

 
 
Figure 4.1:  Differences in the dynamics of synaptic depression between neocortical 
and hippocampal neurons in culture. A, Sample traces of synaptic depression recorded 
from hippocampal (top traces) and neocortical (bottom traces) neurons in culture during 
10 Hz stimulation (the first 10 responses and the 100th to 110th response are shown). B, 
Traces showing the average synaptic depression from a number of cells normalized to the 
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amplitude of the first response (n = 21 cells and 8 cells for neocortex and hippocampus, 
respectively). Neocortical neurons depress significantly faster than hippocampal neurons 
in response to 10 Hz stimulation with significance (p < 0.01) emerging by the fifth 
response. C, Treatment with cyclothiazide (CTZ) to block AMPA receptor 
desensitization slightly (gray symbols) decreased the time constant of rapid depression in 
both neocortical (n = 4) and hippocampal (n = 8) cultures but maintained the difference in 
the rates of depression between the two cultures. Error bars indicate SE. 
  

4.2.2 Dominance of alternate pathways for vesicle use in hippocampal and 

neocortical synapses 

Because the difference between the synaptic depression kinetics was sustained 

over several seconds (>30 s), we asked whether there were differences in the rate of 

synaptic vesicle mobilization and reuse between the two synapse populations. To address 

this question, we stimulated both cultures at 10 Hz for 2 min in the presence of styryl dye 

FM2-10 to label the total recycling vesicle pool (Harata et al., 2001). After dye washout 

(10 min), we stimulated the cultures again at 10 Hz and monitored the kinetics of dye 

loss. The absolute amount of FM2-10 uptake during a 10 Hz, 2 min stimulation revealed 

that neocortical synapses have a significantly smaller total recycling pool size compared 

with hippocampal synapses (Figure 4.2A). Interestingly, neocortical synapses released 

dye more slowly compared with hippocampal synapses consistent with their rapid 

synaptic depression kinetics (Figure 4.2B).  
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Figure 4.2: Neocortical and hippocampal synapses have distinct kinetics of synaptic 
vesicle recycling. A, Synapses were loaded with FM2-10 using 1200 APs delivered at 10 
Hz through field electrodes and, after a brief wash, were destained by 10 Hz, 90 s 
stimulation, followed by multiple rounds of 90 mM K+ to maximally destain the 
synapses. The total recycling pool size was measured by loading synapses using 1200 
APs delivered at 10 Hz and, after extracellular dye washout, destaining the synapses 
using 90 mM K+. Hippocampal synapses showed a larger recycling pool size (p < 0.05; n 
= 5 coverslips each). B, Average dye destaining curves from a number of experiments 
show that neocortical synapses destain slower than hippocampal synapses, which was 
significant after 20 s of stimulation (p < 0.05; two-tailed t test; n = 5 coverslips each). 
The baseline by 90 s was not significantly different (p = 0.2). Error bars indicate SE. C, 
Vesicle reuse was measured using a pulse-chase experiment (see Materials and Methods). 
The plot shows the average percentage of reused vesicles for neocortical and 
hippocampal synapses as a function of the time of continued stimulation (t). With this 
protocol, neocortical synapses show significantly faster vesicle reuse than hippocampal 
synapses (n = 550–800 synapses from 6–7 coverslips for each time point per condition; 
asterisks indicate significance determined by applying a stringent value of p < 10–8 using 
the K–S test). 
  

Two parallel processes sustain neurotransmitter release during repetitive 

stimulation, namely mobilization of reserve pool vesicles that have not yet exocytosed 

and reuse of recently endocytosed vesicles. Destaining curves specifically report dye 

release from vesicles, and therefore these curves are to a large extent blind to vesicle 

reuse because these vesicles would not contain significant amounts of dye once they 

recycle (for a detailed discussion, see Klingauf et al., 1998). In contrast, to monitor 

synaptic vesicle reuse, one needs to label a set of endocytosing vesicles with dye and 

detect reavailability of these vesicles for consecutive rounds of exocytosis at later time 
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points (Ryan and Smith, 1995). Therefore, to test whether the neocortical and 

hippocampal synapses reuse vesicles at different rates, we monitored the rate of 

reavailability of styryl dye FM2-10 for release after uptake during 10 Hz stimulation for 

10 s (Figure 4.2 C) (for a detailed description of this protocol, see Materials and 

Methods). The amount of dye uptake in response to this stimulation was not significantly 

different, suggesting that the rate of endocytosis during the initial 10 s of 10 Hz was 

similar [166 ± 16 and 143 ± 16 arbitrary units (a.u.) for neocortical and hippocampal 

synapses, respectively; p = 0.35; n = 7 coverslips each]. However, the increase in the 

availability of the dye for release in response to subsequent stimulations was slower in 

hippocampal cultures compared with neocortical cultures (Figure 4.2C). This observation 

indicates that, during 10 Hz stimulation, hippocampal synapses do not significantly rely 

on vesicle reuse to sustain transmission (Sara et al., 2002; Fernandez-Alfonso and Ryan, 

2004), whereas neocortical synapses maintain a faster rate of synaptic vesicle reuse at the 

same frequency. A similar difference in the two cultures can also be deduced from 

previous work. For instance, a comparison of synaptic vesicle reuse (also called 

"repriming") rates measured in two studies performed in hippocampal (Ryan and Smith, 

1995) and cortical (Di Paolo et al., 2002) cultures reveal a slower rate of vesicle reuse in 

hippocampal cultures. However, a direct comparison to our measurements is complicated 

by the fact that the stimulation frequencies in the two previous studies were different [20 

Hz in Di Paolo et al. (2002) vs 10 Hz in Ryan and Smith (1995)].  

In summary, despite their high level of sustained transmission, hippocampal 

synapses appeared to recycle vesicles much slower than neocortical synapses. Therefore, 

during 10 Hz stimulation, hippocampal synapses used more vesicles from the reserve 
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pool as evidenced by their faster loss of dye during stimulation (Fig. 2B). In contrast, 

neocortical synapses depended more on the reuse of already exocytosed vesicles (Fig. 

2C). This premise is also consistent with the observation that hippocampal synapses have 

a larger recycling pool to draw vesicles from, whereas neocortical synapses appear to rely 

on a smaller pool to maintain release (Figure 4.2A). However, currently there is no 

known causal relationship between the recycling pool size and vesicle reuse rate of a 

particular synapse.  

 

4.2.3 Comparative analysis of the network activity in hippocampal and neocortical 

cultures 

The experiments presented above suggest that different synapse populations in the 

CNS may rely on different vesicle trafficking pathways to maintain release during 

repetitive stimulation. We next asked whether these two vesicle-recycling pathways 

could be differentially regulated. The neocortical and hippocampal synapses in vitro 

share general features of small central synapses (small vesicle pool sizes and few active 

zones), and they possess only subtle differences in their ultrastructural features (Harris 

and Sultan, 1995; Schikorski and Stevens, 1997; Mackenzie et al., 1999; Harata et al., 

2001; Mozhayeva et al., 2002). A striking difference between the two culture 

preparations, however, is the level of network activity. When we quantified the level of 

synaptic network activity using whole-cell voltage-clamp recordings (in the presence of 

postsynaptic QX-314 to block AP firing in the target cell), the frequency of the network 

activity was significantly higher in hippocampal cultures compared with neocortical 

cultures (hippocampal, 6.57 ± 0.7 Hz, vs neocortical, 0.49 ± 0.13 Hz; p < 0.001; n = 6 
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cells each) (Figure 4.3). However, the amplitudes of individual synaptic currents were 

somewhat smaller in hippocampal cultures (hippocampal, 0.63 ± 0.06 nA, vs neocortical, 

1.14 ± 0.34 nA; p = 0.2; n = 6 cells). Here, we should note that the background network 

activity represented activation of multiple synapses as evidenced by the large amplitudes 

(approximately in nanoamperes) of individual events (at least an order of magnitude 

above the size of spontaneous miniature events).  

 

 

 
Figure 4.3: Spontaneous network activity in neocortical and hippocampal cultures. 
Sample traces of spontaneous network activity recorded from neurons in neocortical 
cultures (top two traces) and hippocampal cultures (bottom two traces). 
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Figure 4.4 summarizes the current-clamp analysis of the network activity in neocortical 

and hippocampal cultures. Interestingly, the average frequency of action potential firing 

was not significantly different between neocortical neurons and hippocampal neurons 

(hippocampal, 0.5 ± 0.22 Hz, vs neocortical, 0.49 ± 0.17 Hz; p > 0.5; n = 6 cells each) 

(Figure 4.4). In hippocampal cultures, a substantial fraction of the EPSPs failed to reach 

the threshold for action potential firing (Figure 4.4, arrows), and as a consequence, the 

percentage of detectable subthreshold EPSPs was higher in hippocampal cultures 

(hippocampal, 55 ± 14%, vs neocortical, 17 ± 5%; p < 0.05; n = 6 cells). This finding 

correlates well with the low amplitude of network activity-triggered EPSCs detected in 

these cultures.  
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Figure 4.4: Current-clamp analysis of spontaneous network activity in neocortical 
and hippocampal cultures. Sample traces of action potentials and EPSPs recorded from 
neurons in neocortical cultures (top traces) and hippocampal cultures (bottom traces). The 
arrows point to subthreshold synaptic activity. 
  

 4.2.4 Chronic inhibition of network activity slows the rate of vesicle mobilization in 

hippocampal synapses 

In the next set of experiments, we tested whether the level of network activity is a 

determinant of the pathway and the speed of vesicle trafficking. In hippocampal 

synapses, when we reduced the network activity level by incubation in TTX (to block AP 

firing) for 48 h, the rate of synaptic depression was increased. In contrast, incubation in 

PTX, aimed to diminish inhibition and facilitate excitatory transmission, did not cause a 

significant change in the kinetics of synaptic depression in response to 10 Hz stimulation 

(Figure 4.5 A,B). In addition, the amplitudes of the initial responses in the 10 Hz train 

were similar under all conditions (Figure 4.5 C).  
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Figure 4.5: Chronic reduction in spontaneous activity results in enhanced synaptic 
depression in hippocampal cultures. A, Sample traces of synaptic depression recorded 
from control (untreated) hippocampal neurons (left, top traces) or hippocampal neurons 
after 48 h of TTX (left, bottom traces) or PTX treatment (right traces). The first 10 
responses and the 100th to 110th responses in a 600 AP train delivered at 10 Hz are 
shown. B, Average normalized response amplitudes show faster synaptic depression in 
neurons pretreated with TTX for 48 h compared with PTX-treated and control neurons (n 
= 8, 9, and 13 cells for control, TTX-, and PTX-treated respectively). C, Average 
amplitude of the first response in the train is unchanged after the treatments. Error bars 
indicate SE. 
  

  To understand the mechanisms underlying the alterations in neurotransmitter 

release, we investigated the kinetics of vesicle mobilization and reuse after the chronic 

treatments. Hippocampal synapses labeled with nearly maximal FM dye uptake (10 Hz 

for 2 min) displayed a slower rate of dye loss in response to 10 Hz stimulation after 

chronic TTX treatment (Fig.ure 4.6 A). In contrast, dye release and vesicle mobilization 

was unaltered after PTX treatment. This finding suggests that the increase in the rate of 

depression induced by TTX treatment could be accounted for by a decrease in the rate of 

vesicle mobilization from the reserve pool. In the same experiments, the total recycling 

pool size measured by dye uptake during 1200 APs at 10 Hz was unaffected by the 

treatments (Figure 4.6 B). In electrophysiological experiments performed after TTX or 

PTX treatments, we detected a decreasing trend in the size of the readily releasable pool 

determined by integration of the area under the peak current elicited by hypertonic 

sucrose application (+500 mOsm). However, this decrease, which was especially notable 

after PTX treatment, did not reach statistical significance [charge transfer during sucrose 

application: control (n = 8), 7.7 ± 1.4 nC; TTX-treated (n = 9), 6.5 ± 0.9 nC (p > 0.05 vs 

control); PTX-treated (n = 7), 4.9 ± 0.8 nC (p = 0.06 vs control)]  
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Figure 4.6: Chronic reduction in spontaneous activity slows vesicle mobilization in 
hippocampal synapses. A, Dye release from synapses loaded with FM2-10 using 1200 
APs showed significantly slower release kinetics in TTX-treated synapses compared with 
control or PTX-treated cells. The time constant of decay for these traces is shown in the 
inset and is significantly higher for TTX-treated cultures (p < 0.01, two-tailed t test; n = 
5–6 coverslips each). B, The average recycling pool size measured as dye uptake during 
1200 APs at 10 Hz is not significantly different in treated synapses compared with 
controls (n = 5–6 coverslips each). C, Average FM2-10 uptake during a brief 10 Hz, 10 s 
stimulus (100 APs) is not significantly different between treated and control synapses (n 
= 7 coverslips each). D, The rate of vesicle reuse under repetitive stimulation was 
measured by continued stimulation after dye washout. Although TTX-treated synapses 
showed an increased dye release by 5 s compared with controls, the plateau was not 
significantly different. Conversely, PTX-treated synapses were similar to control 
synapses but had less dye loss at 60 s compared with controls (n = 550–800 synapses 
from 6–7 coverslips for each time point per condition; points are considered significant 
and indicated by an asterisk if p < 10–8 with K–S test). Error bars indicate SE. 

 134



  

 Interestingly, when we manipulated the network activity levels (i.e., decrease in 

TTX or increase after incubation in PTX to block synaptic inhibition) and examined the 

reavailability of FM dye after initial uptake during 100 APs at 10 Hz, we detected little 

change in the rate of synaptic vesicle reuse or the amount of dye taken up during the 10 s 

labeling (Figure 4.6 C,D). One of the few significant alterations was a slight hastening of 

dye reavailability within 5 s after dye uptake in TTX-treated cultures; however, we 

should note that the 5 s time point is the least reliable because of the uncertainty about 

dye washout within this timeframe (residual dye can lead to an underestimate of vesicle 

reuse within this time frame). In addition, after PTX treatment, dye availability 60 s after 

initial loading was markedly reduced, suggesting inhibition of slow synaptic vesicle 

turnover.  

4.2.5 Chronic increase in network activity augments the rate of vesicle reuse in 

neocortical cultures 

To test whether synaptic vesicle trafficking in neocortical synapses can also adapt 

to modified network activity, we repeated the 48 h TTX or PTX treatments in this culture 

system. In striking contrast to hippocampal cultures, PTX treatment slowed synaptic 

depression, whereas TTX treatment did not significantly change the rate of synaptic 

depression (Figure 4.7 A,B). However, as in hippocampal cultures, the amplitudes of the 

initial responses in the 10 Hz train were not affected by the chronic treatments (Fig. 7C). 

We also did not detect a significant change in the size of the readily releasable pool of 

vesicles as measured by integration of the peak current response to hypertonic sucrose 

application after treatment with TTX or PTX [charge transfer during sucrose application: 
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control (n = 10), 7.1 ± 0.6 nC; TTX-treated (n = 8), 7.2 ± 0.9 nC (p > 0.05 vs control); 

PTX-treated (n = 11), 5.9 ± 0.8 nC (p > 0.05 vs control)] When we monitored the rate of 

vesicle mobilization using FM dye uptake and release in response to 10 Hz stimulation, 

neither of the treatments had a major effect on dye release (Figure 4.9 A). These 

experiments also revealed that the size of the total recycling pool (FM dye labeling after 

10 Hz, 2 min AP stimulation) was relatively unchanged after the TTX or PTX treatment 

(Figure 4.9 B).  

 

 

Figure 4.7: Chronic augmentation of spontaneous activity slows synaptic depression 
in neocortical cultures. A, Sample traces of synaptic depression recorded 
postsynaptically from control neocortical neurons (left, top traces) or neocortical neurons 
after 48 h of TTX (left, bottom traces) or PTX treatment (right traces). The first 10 
responses and the 100th to 110th responses in a 600 AP train delivered at 10 Hz are 
shown. B, Average normalized response amplitudes show significantly slower synaptic 
depression in neurons pretreated with PTX for 48 h compared with TTX-treated and 
control neurons (n = 21, 15, and 10 cells for control, TTX-, and PTX-treated, 
respectively). C, Average amplitude of the first response in the train is unchanged by 
treatments. Error bars indicate SE. 
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Figure 4.8: Change in RRP size by chronic treatment. A-B, Representative traces 
from electrophysiological experiments performed by bath application of hypertonic 
sucrose (+500 mOsm) to quantify the size of the readily releasable pool. C, In 
hippocampal cultures (~20 days in vitro) after TTX or PTX treatments, we detected a 
decreasing trend in the size of the readily releasable pool determined by integration of the 
area under the peak current elicited by sucrose. However this decrease, which was 
especially notable after PTX treatment, did not reach statistical significance (charge 
transfer during sucrose application, control (n=8): 7.7 ± 1.4 nC, TTX-treated (n=9): 6.5 ± 
0.9 nC (p>0.05 vs. control), PTX-treated (n=7): 4.9 ± 0.8 nC, (p=0.06 vs. control)). D, In 
neocortical cultures (~20 days in vitro), the size of the readily releasable pool of vesicles 
did not show a significant change after treatment with TTX or PTX (charge transfer 
during sucrose application, control (n=10): 7.1 ± 0.6 nC, TTX-treated (n=8): 7.2 ± 0.9 nC 
(p>0.05 vs. control), PTX-treated (n=11): 5.9 ± 0.8 nC, (p>0.05 vs. control)). 
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 Figure 4.9: Chronic augmentation of spontaneous activity facilitates synaptic 
vesicle reuse in neocortical synapses. A, FM dye release from synapses loaded using 
1200 APs showed no change in release kinetics (n = 5–6 coverslips each). B, The average 
recycling pool size measured as dye uptake during 1200 APs at 10 Hz is not significantly 
different in treated synapses compared with controls (n = 5–6 coverslips each). C, 
Average FM2-10 uptake during a brief 10 Hz, 10 s stimulus (100 APs) is not significantly 
different between treated and control synapses (n = 5–7 coverslips each). D, Measuring 
the rate of vesicle reuse under repetitive stimulation, we observed that, whereas TTX-
treated synapses showed significantly decreased reuse (or dye release) by 30–60 s 
compared with controls, PTX-treated synapses showed significantly faster reuse by the 
same time (n = 500–750 synapses from 5–7 coverslips for each time point per condition; 
points are considered significant and indicated by an asterisk if p < 10–8 with K–S test). 
Error bars indicate SE. 
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 What then is the underlying change in synaptic vesicle trafficking that can 

account for alterations in synaptic depression in neocortical synapses? To address this 

question, we measured the rate of vesicle reavailability for release by monitoring FM dye 

loss after an initial round of dye uptake during 10 Hz, 10 s stimulation. Surprisingly, the 

rate of vesicle reavailability was significantly augmented after PTX treatment, although 

the amount of dye uptake during the 10 s stimulation did not change (Figure 4.9 C,D). 

This augmentation in vesicle reuse could account for the slower rate of synaptic 

depression observed after PTX treatment. In contrast, TTX treatment caused some 

decrease in the rate of vesicle reuse (Figure 4.9 D), which was not significantly reflected 

in the rate of synaptic depression detected electrophysiologically. Together, the rate of 

vesicle reuse in neocortical synapses responded robustly to changes in activity levels, 

whereas in hippocampal synapses the rate of vesicle mobilization was the main target for 

modification. In both cases, however, synaptic vesicle trafficking was modified in a 

direction to allow adaptation to an increased or decreased demand on neurotransmitter 

release imposed by the network activity.  

4.2.6 The correspondence between neurotransmitter release kinetics and the rate of 

FM dye loss 

The analysis presented in the previous sections is based on the premise that there 

is reliable correspondence between the kinetics of optical and electrophysiological 

measurements of presynaptic function. To test this correspondence, we compared the 

kinetics of the electrophysiologically detected synaptic depression to the optically 

monitored vesicle mobilization in hippocampal and neocortical synapses under all 
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conditions. For this analysis, we aligned the average normalized integral of the 

electrophysiological current recordings and the FM dye destaining profiles obtained from 

the same culture. The integration of the current traces followed previously established 

procedures (Betz and Bewick, 1993; Sara et al., 2002). We scaled the fluorescence trace 

until it was aligned with the integrated current trace for the first 2 s of recording with the 

assumption that, at onset, all of the recycling vesicles contain FM dye as well as 

neurotransmitter. However, as stimulation progresses, recycled vesicles would not 

contain significant amounts of FM dye that could be detected as additional destaining; in 

contrast, the same vesicles would be refilled with neurotransmitter after endocytosis, 

which could then give rise to additional synaptic responses. This difference between the 

two reporters of vesicle fusion results in a deviation between the kinetics of FM dye 

destaining and neurotransmitter release at the time when recycled vesicles start to be 

reused (Betz and Bewick, 1992, 1993). In the case of hippocampal cultures, the first 30 s 

of fluorescent dye loss and electrophysiological recordings obtained during 10 Hz 

stimulation perfectly matched for all three conditions (Figure 4.10 A,C,E). This finding 

concurs with the premise that hippocampal synapses predominantly adjust synaptic 

vesicle mobilization rate to accommodate to changes in ambient activity levels. For 

neocortical synapses, we also detected a significant agreement between the time course of 

the optical and electrical signals (Figure 4.10 B,D,F). Under all conditions, the optical 

and electrical traces diverged only after 20 s, and there was no significant divergence 

after TTX treatment for 30 s (Figure 4.10 D). This observation indicates that, overall, 

there is significant correspondence between the two measures of synaptic transmission. In 

neocortical synapses, there was some divergence after 20 s under control as well as PTX 
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treatment conditions; however, these differences were not as dramatic as seen in the rapid 

FM dye loading–unloading paradigm shown in Figure 4.9. Clearly, in cultures, FM dye 

loading–unloading paradigms are more sensitive methods to monitor vesicle reuse. This 

is mainly because in a culture preparation it is difficult to ensure a one-to-one match 

between the origins of optical and electrical signals as in neuromuscular junction 

preparations. In addition, the comparative method presents a level of arbitrariness during 

proper alignment and scaling of the electrical and optical signals, which may alter the 

estimate of the reuse time course. Specifically, the difference in vesicle reuse detected 

from the FM dye loading–unloading paradigm (Figure 4.9 D) emerges at a time point 

(within the first 2 s) when we needed to assume equal alignment of electrical and optical 

signals to be able to scale and compare their kinetics. The need for this rather arbitrary 

assumption for the alignment of the two signals may lead to the discrepancy seen in their 

estimates for the onset of synaptic vesicle reuse (for a detailed discussion, see Sara et al., 

2002).  
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Figure 4.10  Comparison of FM dye destaining kinetics to neurotransmitter release 
in hippocampal and neocortical synapses. A, B, Comparison of the cumulative integral 
of synaptic current (filled circles) to scaled kinetics of fluorescence loss (open circles) 
from FM2-10-loaded synapses in hippocampal (A) and neocortical (B) cultures. Open 
circles represent average destaining kinetics scaled with the assumption that both 
electrophysiological and optical readout of exocytosis originate from the same pool of 
vesicles. C–F, The same analysis repeated after 48 h of treatment with TTX to block 
background network activity (C, D) and after 48 h of treatment with PTX to augment 
background network activity (E, F). Error bars indicate SE. 
  

 4.2.7 Properties of background network activity after treatments 
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Finally, we characterized the properties of the background network activity 

(shown in Figures 4.3, 4.4) after TTX and PTX treatments in the two culture 

preparations. After 48 h, voltage-clamp experiments in hippocampal neurons revealed a 

PTX-dependent decrease in the frequency of background activity from 6.57 ± 0.7 to 0.25 

± 0.12 Hz (p < 0.001; n = 5), whereas TTX treatment did not cause a significant change 

(5.46 ± 1.37 Hz; p = 0.50; n = 5) (measurements were performed after drug washout). 

Current-clamp experiments also showed a decrease in action potential firing frequency in 

response to PTX treatment (down to 0.13 ± 0.12 from 0.50 ± 0.22 Hz; n = 5), although 

this decrease was short of statistical significance (p = 0.16). TTX treatment, however, did 

not cause a substantial change in action potential firing (0.44 ± 0.20 Hz; p = 0.93; n = 5). 

In neocortical cultures, TTX treatment increased the frequency of network activity from 

0.49 ± 0.13 to 1.84 ± 0.34 Hz (p < 0.01; n = 7) (accordingly, action potential firing 

frequency increased from 0.49 ± 0.17 to 1.43 ± 0.58; p = 0.17; n = 5), and PTX treatment 

slightly decreased the activity to 0.13 ± 0.04 Hz (p < 0.05; n = 6) (action potential firing 

decreased to 0. 15 ± 0.10 Hz; p = 0.18; n = 5) (for sample traces, see Figure 4.11). 

Amplitudes of individual synaptic events detected under voltage-clamp conditions were 

not significantly affected by the treatments (data not shown).  
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Figure 4.11: Effect of chronic treatment on activity levels  A-C, Representative 
voltage clamp recording traces from neocortical (top panel) and hippocampal (lower 
panel) cultures under control (A), after chronic TTX-treated (B) and after chronic PTX 
treated (C) conditions. D-F, Representative current clamp recording traces from 
neocortical (top panel) and hippocampal (lower panel) cultures under control (D), after 
chronic TTX-treated (E) and after chronic PTX treated (F) conditions. 
 

As stated before, we also did not detect significant changes in the amplitudes of 

evoked synaptic responses after TTX and PTX treatments in both culture preparations. 

Previous studies have reported an increase in the amplitudes of miniature postsynaptic 

currents after chronic silencing of background activity (O’Brien et al., 1998; Turrigiano 
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et al., 1998; Thiagarajan et al., 2005) (but see Harms and Craig, 2005). Our findings 

suggest that these alterations in spontaneous unitary events may not be reproducibly 

reflected in evoked neurotransmission. In a recent study, Wierenga and colleagues have 

also detected a substantial increase in evoked response amplitudes in young cortical 

cultures after chronic TTX treatment (Wierenga et al., 2005). However, our experimental 

conditions were different from the ones used by their study in at least two aspects. First, 

we used QX-314 in the pipette solution to block Na+ channels internally, which was 

reported to have a significant effect on amplification of dendritic synaptic responses 

especially after TTX treatment (Wierenga et al., 2005). Second, all of our experiments 

were performed on mature cultures (>14 d in vitro) to decrease variations caused by 

synaptic immaturity. In addition, the alterations in the background activity could not be 

attributed to changes in the balance of inhibition and excitation, because the ratio of 

EPSCs (recorded in the presence of picrotoxin) and IPSCs (recorded in the presence of 

CNQX) to overall evoked transmission was not significantly affected by these treatments 

in the two cultures [EPSC/IPSC: neocortical (control; n = 7), 1.20 ± 0.30; neocortical 

(TTX; n = 6), 1.05 ± 0.36; neocortical (PTX; n = 6), 1.55 ± 0.29; hippocampal (control; n 

= 10), 1.19 ± 0.23; hippocampal (TTX; n = 10), 0.90 ± 0.19; hippocampal (PTX; n = 13), 

1.20 ± 0.17] (Figure 4.12). 
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Figure 4.12: Representative voltage clamp recording traces depicting the inhibitory 
and excitatory components of evoked synaptic responses, from neocortical (top panel) 
and hippocampal (lower panel) cultures under control (left), after chronic TTX-treated 
(middle) and after chronic PTX treated (right) conditions. The inhibitory and excitatory 
components of evoked synaptic responses were separated pharmacologically. 
 

Here, it is interesting to note that the modifications in background network 

activity occurred in a homeostatic direction countering the changes in activity levels. This 

is in striking contrast to the behavior of the kinetics of synaptic depression seen in other 

experiments. A plausible explanation to this apparent paradox may come from the recent 

experiments reported by Lau and Bi (2005), which demonstrated that to a large extent the 

background network activity in dissociated hippocampal cultures is governed by 

asynchronous neurotransmitter release, which may react differently to alterations in 

background activity levels. In contrast, synaptic depression in our experiments is driven 

by field stimulation, which mostly drives synchronous fusion events. It is plausible to 

envision that high-frequency repetitive stimulation driven by field stimulation leads to 

rapid pool depletion and thus limits the contribution of asynchronous release. In contrast, 

lower frequency stimulation driven by action potentials may provide an ample time 
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window for asynchronous release during the relatively longer interstimulation intervals. 

Together with the finding that the two forms of fusion compete for the same pool of 

vesicles (Otsu et al., 2004), the increase in one form of release may be countered by a 

decrease in the other. An alternative, not necessarily mutually exclusive, mechanism may 

involve a homeostatic change in cellular excitability, which may affect the network 

activity more strongly than the release evoked by field stimulation. Field stimulations 

typically directly depolarize nerve terminals, and thus their effect does not strictly reflect 

voltage-gated Na+ channel properties (Desai et al., 1999). These possibilities will clearly 

require additional experiments to be tested rigorously.  

4.3 Summary 

In this study, we used electrophysiology in combination with uptake and release 

of styryl dyes to monitor synaptic depression and vesicle recycling in dissociated 

hippocampal and neocortical cultures. This setting allowed us to examine the role of 

network activity in the regulation of synaptic release dynamics. Our results suggest that 

network activity is a critical regulator of synaptic vesicle trafficking in individual 

synapses. Synapses from these two brain regions used different pathways to sustain 

release under repetitive stimulation. During moderate stimulation, hippocampal synapses 

relied on vesicle mobilization from the reserve pool, whereas neocortical synapses 

depended on reuse of previously exocytosed vesicles. In response to chronic alterations in 

network activity, both hippocampal and neocortical synapses adjusted their synaptic 

vesicle trafficking kinetics and resulting synaptic response dynamics to meet the demand. 

In hippocampal cultures, the main target of regulation was the rate of synaptic vesicle 

mobilization, whereas in neocortical synapses synaptic vesicle reuse rate was the most 
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amenable to regulation by activity. Thus, different synapses not only rely on different 

pathways for maintaining neurotransmitter release but they also use different strategies to 

adapt and respond to alterations in network activity levels.  

In these experiments, the chronic activity-dependent changes in 

electrophysiological and optical measures mostly followed each other; however, there 

were also apparent inconsistencies between the two sets of data. For instance, in 

neocortical synapses, TTX treatment resulted in a significant reduction in the rate of 

vesicle reuse (Figure 4.9 D), which was not reflected in the electrophysiological readout 

of synaptic depression (Figure 4.7B). The comparison of synaptic electrophysiological 

recordings and optical measures of vesicle recycling has been a valuable tool in 

dissecting out the relationship between the synaptic vesicle trafficking and 

neurotransmitter release (Betz and Bewick, 1992, 1993; Pyle et al., 2000; Stevens and 

Williams, 2000; Sara et al., 2002). However, this approach has caveats, which partly stem 

from the distinct nature of the two measures including the slow time course of optical 

recordings as well as their inability to distinguish excitatory versus inhibitory synapses. 

Excitatory and inhibitory neurotransmitter release may respond differently to chronic 

changes in activity (Moulder et al., 2004). The questions related to distinctions between 

the plasticity of vesicle trafficking in excitatory and inhibitory synaptic terminals can be 

better addressed by development of new optical tools that can specifically label the two 

synapse populations (Li et al., 2005). Also, it is important to acknowledge that synaptic 

depression occurs because of multiple factors such as Ca2+ channel inactivation (Xu and 

Wu, 2005) and changes in vesicle release probability (Moulder and Mennerick, 2005); 

thus, alterations in its time course cannot be solely attributed to vesicle depletion (Zucker 
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and Regehr, 2002). Despite these caveats, our results show clear alterations in synaptic 

vesicle trafficking, which to a significant extent parallel changes in synaptic depression. 

Therefore, from our analysis, we cannot conclude that the changes we see in synaptic 

depression are exclusively caused by alterations in synaptic vesicle trafficking, but we 

can draw attention to parallels between the two processes.  

Our results implicate alterations in molecular composition of the vesicle recycling 

machinery as a potential factor underlying these activity-dependent modifications in 

synaptic vesicle trafficking. We view alternative mechanisms, such as changes in the 

distribution and size of synaptic vesicle pools or rapid Ca2+ signaling, not as major 

contributors to our observations for the following reasons. First, the sizes of the recycling 

vesicle pool and the readily releasable pool, measured by both electrophysiological and 

optical readouts, were not significantly altered after the treatments that gave rise to 

changes in synaptic vesicle dynamics. The only detectable change was a decrease in 

readily releasable pool size after PTX treatment in hippocampal synapses, which did not 

reach significance. We cannot, however, exclude changes that may influence very short-

term synaptic plasticity such as modification of vesicle release probability in response to 

action potentials (without a major change in pool sizes), which would be below the 

resolution of our optical recordings (Murthy et al., 2001; Moulder and Mennerick, 2005). 

The absence of substantial alterations in synaptic vesicle pool sizes is also consistent with 

the premise that functional differences in synaptic release dynamics do not necessarily 

arise from overt distinctions in synapse morphology (Xu-Friedman et al., 2001). Second, 

calcium dynamics in presynaptic terminals and calcium sensitivity of neurotransmitter 

release is unlikely to have changed significantly, because such a modification would have 
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been reflected in initial synaptic response amplitudes. Molecular changes, in contrast, 

may involve the numerous targets in the presynaptic terminals including synaptotagmin 

7, which can be regulated by global changes in activity (Piedras-Renteria et al., 2004), 

and different splice variants can alter vesicle trafficking pathways without significant 

alteration in kinetics of exocytosis or synapse morphology (Virmani et al., 2003). 

Chronic changes in the abundance of other critical synaptic vesicle recycling proteins or 

the efficacy of signaling cascades such as phosphoinositide turnover may also contribute 

to the activity-dependent modifications in vesicle trafficking (Micheva et al., 2003; 

Murthy and De Camilli, 2003).  

As stated above, the changes we detected in synaptic depression and synaptic 

vesicle recycling were adaptive rather than homeostatic because they followed the 

direction of the manipulation and thus acted to reinforce the demand imposed on 

neurotransmitter release by the ambient activity. Although in the two culture systems 

activity regulates distinct vesicle trafficking pathways, the outcome of the regulation 

appears to be similar. In both systems, activity exerts positive-feedback regulation; thus, 

it reinforces the tonic neurotransmitter release either by increasing vesicle reuse or 

mobilization. In contrast, reduction in activity decreases the tonic phase and makes the 

phasic response decay faster, thus reducing overall neurotransmitter release. However, 

the initial set point of neurotransmitter release rate in both systems appears to be 

opposite. In previous studies, chronic changes in network activity have been shown to 

alter excitability of neurons as well as synaptic strength (Burrone et al., 2002; Turrigiano 

and Nelson, 2004). In accordance with these previous observations, in our experiments, 

the frequency of the spontaneous background activity detected after 48 h of drug 
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treatment was altered in a homeostatic manner. In hippocampal neurons, PTX treatment 

resulted in a decrease in the frequency of the background activity, whereas TTX 

treatment did not cause a significant change. In neocortical cultures, TTX treatment 

increased the frequency of network activity and PTX treatment only slightly decreased 

the activity frequency. Amplitudes of individual events triggered by the network activity 

were not significantly affected by the treatments.  

Our observations in mammalian CNS nerve terminals bear some resemblance to 

previous studies in crayfish neuromuscular junction and synaptic junctions onto rat slow- 

and fast-twitch muscle fibers. In both systems, the synaptic release dynamics could be 

converted from tonic to phasic (or vice versa) in parallel with chronic changes in activity 

(Lnenicka and Atwood, 1985, 1989; Reid et al., 2003). However, the differences in 

presynaptic machinery between tonic or phasic release was not linked to synaptic vesicle 

dynamics but rather to vesicle pool sizes, Ca2+ dependence of release, and the 

presynaptic glutamate synthesis (Shupliakov et al., 1995; Msghina et al., 1999; Quigley et 

al., 1999; Reid et al., 1999). In contrast, in the systems we analyzed here, the regulatory 

mechanisms targeted vesicle recycling kinetics. This strategy may be dictated by the 

small size of the vesicle pools available to central synapses, which makes alterations in 

vesicle dynamics a more feasible alternative to substantial modifications in synaptic 

vesicle pools (Harata et al., 2001). Together, the results we present here add a new 

dimension to presynaptic physiology of central synapses and reveal that the demand 

network activity imposes on neurotransmitter release acts as a potent endogenous 

regulator of synaptic vesicle recycling.  

4.4 Methods  
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4.4.1 Cell culture  

Dissociated hippocampal and neocortical cultures were prepared from 2- to 3-d-old 

Sprague Dawley rat pups using previously described methods (Mozhayeva et al., 2002). 

Experiments were performed after 14 d in vitro (typically 20 d in vitro) corresponding to 

a time period when synapses reach full maturity in culture.  

4.4.2 Drug treatments.  

All pharmacological treatments were performed with parallel drug-free controls on at 

least two culture batches for each condition. In a given culture batch, 6–12 coverslips 

were subjected to treatment with TTX (1 µM; Calbiochem, La Jolla, CA) or picrotoxin 

(50 µM; Sigma, St. Louis, MO). A 50 mM picrotoxin stock solution in DMSO was used 

at a 1:1000 dilution, to minimize the DMSO concentration in order not to affect synaptic 

properties (data not shown). Only cultures with similar cell densities were used for 

analysis. Results of pharmacological interventions were examined 2 d later. During 

whole-cell voltage-clamp recordings, leak currents at a holding potential of –70 mV (–

100 ± 17 pA) were unaffected by the treatments.  

4.4.3 Electrophysiology.  

Pyramidal cells were voltage-clamped to –70 mV using whole-cell patch-clamp 

technique. Typical series resistance values varied between 7 and 15 M and were left 

uncompensated (voltage errors were typically <30 mV). Electrode solution contained the 

following (in mM): 115 Cs-MeSO3, 10 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 20 

TEA·Cl, 4 Mg-ATP, 0.3 Na2GTP, 10 lidocaine N-ethyl bromide (QX-314), pH 7.35 and 

300 mOsm (Sigma). For current-clamp experiments, pipettes were filled with the 
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following (in mM): 135 K-gluconate, 10 KCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 4 Mg-

ATP, 0.3 Na2GTP, pH 7.38 and 295 mOsm.  

Data were acquired using an Axopatch 200B amplifier and Clampex 8.0 software 

(Molecular Devices, Sunnyvale, CA). Recordings were filtered at 2 kHz and sampled at 5 

kHz. For measuring evoked responses, electrical stimulation was delivered through 

parallel platinum electrodes in modified Tyrode’s solution. All statistical comparisons 

were performed with two-tailed unpaired t test; values are given as means ± SEM.  

4.4.4 Fluorescent detection of synaptic vesicle recycling.  

Modified Tyrode’s solution used in all experiments contained the following (in mM): 150 

NaCl, 4 KCl, 2 MgCl2, 10 glucose, 10 HEPES, and 2 CaCl2, pH 7.4 and 310 mOsm. 

High K+ solutions contained equimolar substitution of KCl (90 mM) for NaCl. Synaptic 

boutons were loaded with FM2-10 (400 µM; Invitrogen, Eugene, OR) under conditions 

outlined for each experiment. Destaining of hippocampal terminals with high-potassium 

challenge was achieved by direct perfusion of solutions onto the field of interest by 

gravity (2 ml/min). In a typical experiment, high potassium challenge was applied four 

times, the first for 90 s followed by three applications of 60 s each (each separated by 60 

s intervals) to release all of the dye trapped in presynaptic terminals. All staining and 

destaining protocols were performed in the presence of 10 µM CNQX and 50 µM AP-5 

to prevent recurrent activity. Field stimulation was applied through parallel platinum 

electrodes immersed into the perfusion chamber delivering 30 mA, 1 ms pulses. In all 

experiments, we selected isolated boutons (1 µm2; interbouton distance, >2 µm) for 

analysis and avoided apparent synaptic clusters. Images were obtained by a cooled-

intensified digital CCD camera (Roper Scientific, Trenton, NJ) during illumination (1 Hz, 
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40 ms) at 480 ± 20 nm (505 dichroic long pass; 535 ± 25 band pass) via an optical switch 

(Sutter Instruments, Novato, CA). Images were acquired and analyzed using Axon 

Imaging Workbench Software (Molecular Devices). All statistical analyses were 

performed using Student’s two-tailed t test using the number of coverslips as "n" unless 

stated otherwise (100 puncta per coverslip). Experimental results are represented as 

means ± SEM.  

To measure vesicle reuse, synapses were loaded with FM2-10 dye by 100 APs delivered 

at 10 Hz in the presence of 10 µM CNQX and 50 µM AP-5 to prevent recurrent activity. 

Dye was rapidly washed out (10 ml/min perfusion rate) with dye-free solution containing 

2 mM Ca2+ and CNQX and AP-5 for 60 s. After this 60 s of fast perfusion, we continued 

to wash for an additional 9 min in 4 mM K+ Tyrode’s solution with 0 mM Ca2+, to 

remove any remaining surface dye, after which the dye trapped during the 100 AP 

loading was determined by maximally destaining the synapses with four rounds of 90 

mM K+ Tyrode’s solution. The median fluorescence value obtained during this 100 AP 

loading was used as the zero time point, against which all subsequent time points were 

normalized. Here, we preferred to use the median fluorescence value rather than the mean 

fluorescence, because synaptic vesicle pool sizes show substantial heterogeneity and 

median fluorescence represents this heterogeneity better than the mean (Virmani et al., 

2003). To measure vesicle reuse, we continued 10 Hz stimulation during the fast dye 

washout period for a time t, either 5, 15, 30, or 60 s corresponding to additional 50, 150, 

300, or 600 APs. To determine the amount of dye lost during this extended stimulation, 

we subtracted the median fluorescence value from all the synapses imaged at each time 

point, from the median fluorescence of all synapses imaged at the zero time point (when 
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no additional stimulation was applied during washout). This allowed us to plot the 

amount of dye loss during the additional t of stimulation at each time point, as a 

percentage of the dye that was endocytosed during 100 AP stimulation. This we take to 

correspond to the number of dye-loaded vesicles that were able to exocytose their dye 

during the time t. Because the dye was present only during the initial 100 APs, these 

curves provide us with a measure of vesicle reuse in the synapses (Ryan and Smith, 

1995). It is important to note that the experimental protocol used here to detect the rate of 

synaptic vesicle reuse monitors reavailability of vesicles after the first 10 s of stimulation 

(to provide enough duration for clearly measurable dye uptake). In contrast, vesicles that 

recycle on a faster time scale (within the first 10 s) can also impact neurotransmission 

and thus alter electrophysiological readout at previous time points. During the analysis of 

these experiments, statistical significance was determined by applying a stringent value 

of p < 10–8 using the Kolmogorov–Smirnov (K–S) test.  
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CHAPTER 5 

DIFFERENTIAL ACTIVATION OF NMDA RECEPTORS 
   

5.1 Introduction 

Spontaneous synaptic vesicle fusion is a salient feature of all synapses (Fatt and 

Katz, 1952; Del Castillo and Katz, 1954) including those in synaptic networks in vivo 

(Pare et al., 1997; Pare et al., 1998; Chadderton et al., 2004). These random release 

events typically activate receptors within a single postsynaptic site and give rise to 

miniature postsynaptic currents, and therefore they have been extremely instrumental in 

analysis of unitary properties of neurotransmission. However, it is yet unclear if this form 

of neurotransmitter release serves a well-defined purpose (Otsu and Murphy, 2003; 

Zucker, 2005). Despite lack of direct evidence for a physiological significance, several 

studies have shown that the blockade of spontaneous activation of neurotransmitter 

receptors causes independent or additional downstream effects compared to the blockade 

of evoked neurotransmission alone (McKinney et al., 1999; Sutton et al., 2004; Sutton et 

al., 2006).  

How do postsynaptic neurons distinguish evoked and spontaneous 

neurotransmission and differentially activate postsynaptic signaling? The temporal 

differences in the activation of postsynaptic receptors by the two forms of release may 

partly explain these observations. Spontaneous release typically occurs with a rate of 1 to 

2 vesicles per minute per release site (Geppert et al., 1994; Murthy and Stevens, 1999; 

Sara et al., 2005) whereas evoked release at individual synapses can occur at an 
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extremely high rate (>100 vesicles per second) (Saviane and Silver, 2006). However, in 

this scheme the ability of spontaneous neurotransmission to signal independent of evoked 

neurotransmission is confounded by the fact that under most circumstances the two forms 

of release occur concurrently without significant difference in their unitary properties 

(Isaacson and Walmsley, 1995; Wall and Usowicz, 1998).  

Therefore, here we examined the premise that spontaneous and evoked 

neurotransmission activate non-overlapping postsynaptic receptor populations thus 

possibly triggering distinct signaling cascades. For this purpose, our choice to examine 

NMDA receptor mediated synaptic responses was motivated by two reasons. First, recent 

findings indicate that NMDA receptors signal at rest (Sutton et al., 2006) Second, 

working with NMDA responses enabled us to take advantage of MK-801, a well-

characterized use-dependent blocker of NMDA receptors (Huettner and Bean, 1988; 

Hessler et al., 1993; Rosenmund et al., 1993). In this way, we could show that MK-801 

dependent blockade of spontaneous NMDA-mEPSCs does not cause significant block of 

subsequent evoked NMDA-eEPSCs and vice versa. Optical imaging of spontaneous and 

evoked fusion kinetics at individual synapses supported the premise that both forms of 

release occur from the same synapse. Therefore we propose that spontaneous and evoked 

fusion events do not activate the same set of NMDA receptors at individual synapses and 

thus can trigger independent postsynaptic signaling events. 
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5.2 Results 

5.2.1 NMDA-mEPSCs are rapidly blocked by MK-801. 
 

To test whether spontaneous and evoked synaptic vesicle fusion events activate 

the same set of postsynaptic receptors, we first pharmacologically isolated NMDA-

receptor dependent synaptic responses by blocking AMPA and GABA receptors in the 

absence of extracellular Mg2+ and the presence of the NMDA receptor co-agonist 

glycine. We could clearly detect evoked and spontaneous NMDA-receptor mediated 

miniature EPSCs (NMDA-mEPSC) as judged by their sensitivity to AP-5, a selective 

blocker of NMDA receptors (Figure 5.1A).  For these experiments, we used dissociated 

hippocampal cultures since the kinetics of spontaneous synaptic vesicle fusion and 

recycling are well characterized in this system (Geppert et al., 1994; Ryan et al., 1997; 

Murthy and Stevens, 1999; Prange and Murphy, 1999; Sara et al., 2005; Virmani et al., 

2005).  

Application of 10 μM MK-801 rapidly blocked spontaneous NMDA-mEPSCs 

(Figure 5.1B). In 12 days old hippocampal cultures, MK-801 induced block of NMDA-

mEPSCs proceeded with a time constant of 24 seconds and reached a plateau within 60 

seconds (Figure 1C and 1E). In these measurements, we quantified charge transfer, a 

cumulative measure of NMDA receptor activity, as NMDA-mEPSCs are typically noisier 

than AMPA-mEPSCs (Figure 5.1E inset). The kinetics of MK-801 block of spontaneous 

NMDA-mEPSCs is within a range expected from the previous estimates of the rate of 

spontaneous vesicle fusion in individual hippocampal synapses in culture (Geppert et al., 

1994; Murthy and Stevens, 1999; Sara et al., 2005). The rate of block was further 

increased in older cultures (20 days in vitro) suggesting that frequency of spontaneous 
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fusion per synapse increases during synapse maturation (Figure 5.1D and 5.1E). At this 

developmental stage the MK-801 induced block reached completion within 30 seconds. 

The use-dependence of the MK-801 block was also evident during the analysis of 

individual experiments. The rate of the MK-801 block was correlated with the extent of 

spontaneous NMDA-mEPSC activity measured prior to MK-801 application (Figure 

5.1F). In addition, to verify the use-dependent nature of the MK-801 block of NMDA-

mEPSCs, we increased the extracellular Ca2+ from 2 mM to 8 mM which causes up to 3-

fold increase in the rate of spontaneous fusion (Figure 5.1G, H and ref (Sara et al., 

2005)). In 12 days old cultures, this increase in extracellular Ca2+ substantially increased 

NMDA-mEPSC activity as well as AMPA-mEPSCs and resulted in a 2-fold increase in 

the rate of MK-801 block of NMDA-mEPSCs (Figure 5.1I). 

In response to glutamate application NMDA receptors manifest relatively long 

latencies for opening. In addition, their openings typically outlast the duration of the 

glutamate pulse. Therefore, MK-801 application is expected to alter the kinetics of 

NMDA-mEPSCs as they occur (Jahr and Stevens, 1990; Lester et al., 1990; Hessler et al., 

1993). In agreement with this expectation we detected a significant decrease in the decay 

times of individual NMDA-mEPSCs after MK-801 application (Figure 1J-1M). We also 

observed a small decrease in the rise times of NMDA-mEPSCs as their peaks became 

sharper in the presence of MK-801. This finding may suggest that individual NMDA 

receptors open asynchronously in response to glutamate release (Jahr, 1992)(Figure 5.1J 

and M).  

To verify that NMDA-mEPSCs were indeed triggered by vesicular glutamate 

release, we used folimycin, a specific blocker of vacuolar ATPase, which provides the 
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proton gradient required for refilling synaptic vesicles with neurotransmitter. Application 

of 67 nM folimycin for 15 minutes decreased the activity of NMDA-mEPSCs as well as 

AMPA-mEPSCs to a similar extent (Figure 5.2 A, B), strongly indicating that both types 

of spontaneous activity were generated by similar vesicle fusion events. This finding 

makes it unlikely that non-vesicular glutamate release (for instance of astrocytic origin 

(Fellin et al., 2004)) could give rise to the NMDA-mEPSCs. This conclusion is also 

supported by several earlier studies that examined the properties of NMDA-mEPSCs in 

comparison to AMPA-mEPSCs (Umemiya et al., 1999; Groc et al., 2002; Dalby and 

Mody, 2003). We also evaluated the contribution of silent synapses (that solely contain 

NMDA receptors) to spontaneous neurotransmission in 20 DIV hippocampal cultures. 

For this purpose, we compared the frequency of AMPA-mEPCSs recorded at –70 mV to 

mixed AMPA/NMDA-mEPSCs recorded after relief of Mg2+ block at +40 mV on a given 

neuron (Figure 5.2 C-E). Under these conditions, we did not detect a significant 

difference between the frequency of AMPA/NMDA-mEPSCs measured at +40 mV (4.2 

± 0.7 Hz) and AMPA-mEPSCs measured at  –70 mV (3.8 ± 0.5 Hz) (p>0.05, n=13 cells). 

This finding suggests that NMDA-mEPSCs that contribute to the activity at +40 mV are 

not significantly in excess of the AMPA-mEPSCs detected in isolation at –70 mV, 

indicating minimal contribution of silent synapses to spontaneous mEPSC activity in 

these cultures.  
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Figure 5.1: MK-801 block of NMDA-mEPSCs in hippocampal cultures.  
(A) NMDA mEPSCs measured from 20 days in vitro (DIV) hippocampal cultures by 
whole cell voltage clamp during constant perfusion with extracellular solution containing 
(mM) 2 Ca2+, 0 Mg2+, 0.05 Picrotoxin, 0.01 CNQX, 0.015 glycine, 0.001 strychnine, 
0.001 TTX. Figure depicts application of 50 μM AP–5 during a representative recording. 
(B) NMDA mEPSCs recorded in the same setting as in (A). Figure depicts application of 
10 μM MK-801 during a representative recording. (C-D) Traces show gradual MK-801 
block of NMDA mEPSCs in 12 DIV (C) and 20 DIV (D) cultures (n = 10 for each). (E), 
The time constant for MK-801 block was faster in 20 DIV (τ = 9 s) cultures compared to 
12 DIV (τ = 24 s) cultures (down to 20%). In these experiments, NMDA mEPSC activity 
was quantified by calculating cumulative charge (Q) transfer in 10-second intervals. (F) 
The rate of MK-801 block correlates with the extent of initial activity determined during 
a 10-second time window prior to MK-801 application (n = 23). (G) The effect of 
elevated extracellular Ca2+ (switch from 2 mM Ca2+ to 8 mM Ca2+) on NMDA mEPSCs 
(top) and AMPA mEPSCs (bottom) at 12 DIV cultures. AMPA mEPSCs are recorded in 
2 mM Mg2+, 50 μM Picrotoxin, 1�μM TTX. (H) Fold increase in mEPSC activity as 
measured by charge (Q) transfer. (I) The time constant of MK-801 block decreases to 13 
�s (from 24 s) at 8 mM Ca2+ (n = 9). NMDA-mEPSC traces are superimposed before 
and after 2 minutes of MK-801 application. (J-K) Averaged traces for spontaneous 
events are superimposed after scaling before and 2 minutes in MK-801, note the faster 
decay kinetics of MK-801 exposed miniature events. (L-M) Comparison of rise and 
decay times of NMDA-mEPSCs before and 2 minutes after MK-801 treatment. Both rise 
and decay times are decreased (10-90 % rise times: before MK-801 11.2 ± 0.85 ms, n = 7 
experiments; after MK-801 treatment: 8.05 ± 0.2 ms, n = 7 experiments, decay times 
before MK-801 τ = 43.9 ± 6.5 ms, n = 7 experiments; after MK-801 treatment: τ = 18.8 ± 
0.9 ms, n = 7 experiments). 
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Figure 5.2: NMDA-mEPSC and AMPA-mEPSCs report the same spontaneous 
fusion events. 
(A) Sample traces depicting the decrease in AMPA and NMDA-mEPSC activity 
(detected in 20 DIV cultures) after 15 min treatment with folimycin (67 nM).  
(B) Quantification of the decrease in charge transfer after 15 minutes in folimycin, for 
NMDA-mEPSC: 48 ± 3 %, for AMPA-mEPSC: 51 ± 10 %.  
(C-E). Contribution of NMDA-receptor only silent synapses to spontaneous miniature 
synaptic activity at hippocampal cell cultures. Spontaneous mEPSCs in 20 day in vitro 
(20 DIV) hippocampal cell cultures. (C) Sample whole cell patch clamp recordings of 
mEPSCs recorded at +40 mV and –70 mV holding potential. Recordings were performed 
in the presence of PTX (50 μM), strychnine (1 μM), glycine (15 μM), and TTX (1 μM) in 
Tyrode`s solution. (D) Bar graph depicting the frequency of AMPA and AMPA/NMDA 
mEPSCs. No difference is found between the frequency of NMDA-AMPA mEPSCs 
measured at +40 mV (4.2 ±0.7 Hz) and AMPA mEPSCs measured at –70 mV (3.8±0.5 
Hz) (p>0.05, n=13 cells). (E) Bar graph showing the ratio of mEPSC frequency (0.97 
±0.1, n=13 cells) recorded at  -70 mV versus +40 mV. 
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5.2.2 MK-801 treatment at rest minimally affects subsequent evoked NMDA-

eEPSCs. 

To quantify the cross talk between NMDA receptors that are activated in response 

to evoked versus spontaneous neurotransmitter release, we triggered release from a large 

fraction of synapses onto a neuron by invoking a single action potential driven NMDA-

eEPSC using field stimulation (Figure 5.3A and B, and Figure 5.6). After recording the 

NMDA-eEPSC, we exchanged the medium with a solution containing 10 μM MK-801/1 

μM TTX for 10 minutes to block spontaneous action potential firing and eliminate 

NMDA-mEPSCs. At the end of the 10-minute period, we rapidly washed out MK-801 

and TTX and measured the size of the evoked NMDA-eEPSC on the same cell. As we 

have shown above, 10-minute perfusion of MK-801 is more than sufficient to block 

nearly all the NMDA-mEPSC activity on a given neuron (Figure 5.3 C). In contrast, the 

amplitudes of NMDA-eEPSCs recorded before and after the incubation period were not 

affected by the MK-801 treatment in between (before MK-801:  1072 ± 157 pA, after 

MK-801:  879 ± 114 pA, p>0.2, n=5) suggesting that application of MK-801 at rest did 

not block the NMDA receptors activated during stimulation (Figure 5.3 D). We also 

repeated the same experiment using weaker stimulation to decrease peak NMDA-eEPSC 

by 50% and activate only a fraction of the synapses. Under this condition we still 

observed a modest reduction in NMDA-eEPSC amplitude after 10-minute incubation 

with MK-801 (before MK-801:  489 ± 67 pA, after MK-801:  411 ± 29 pA, p>0.05, n=4). 

Under both strong and weak stimulation conditions, continued stimulation in the presence 

of MK-801 resulted in rapid use-dependent block of evoked NMDA-eEPSCs. The lack of 

cross talk between the block of evoked NMDA-eEPSCs and spontaneous NMDA-
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mEPSCs was not due to unblocking of NMDA receptors during wash out of TTX and 

MK-801 (~1 min) because use-dependent relief from MK-801 proceeds with a slow time 

course (Huettner and Bean, 1988). This was also evident in additional experiments a two-

minute wash out of MK-801 did not induce significant unblocking of the NMDA-eEPSCs 

(Figure 5.3 A-B). Here, it is important to note that a 10-minute-long whole cell recording 

results in some run down of the NMDA-eEPSC independent of MK-801 treatment. 

Therefore, the extent of reduction we detected in NMDA-eEPSCs was well within the 

variability of NMDA-eEPSC amplitudes detected during a stable recording (black 

diamond in Figure 5.3 E). This finding is consistent with the original experiments, which 

documented the strict use dependence of MK-801 block and proposed the use of this 

compound to estimate the probability of neurotransmitter release (Hessler et al., 1993; 

Rosenmund et al., 1993). A small reduction in NMDA-eEPSCs after extended incubation 

with MK-801 is also in agreement with a recent study which reported a 28% decrease in 

NMDA-eEPSCs after 15 minutes MK-801 application (Scimemi et al., 2004). 

Earlier experiments have also shown that evoked NMDA receptor currents show 

slow spontaneous recovery (~20 min) after MK-801 block (Tovar and Westbrook, 2002) 

implicating slow mobility of NMDA receptors on dendrites. Indeed, when we incubated 

hippocampal cultures with MK-801/TTX containing solution for 20 and 40 minutes and 

compared the sizes of NMDA-eEPSCs to NMDA-eEPSCs from vehicle treated control 

cultures, we detected a gradual reduction in the size of NMDA-eEPSCs reaching 70% by 

40 minutes (Figure 5.3 E). This result suggests that the NMDA receptors activated by 

spontaneous release events may mix with other NMDA receptors over long periods 

consistent with the slow mobility and mixing of NMDA receptors on a dendrite. 
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However, our experiments do not exclude other possibilities such as insertion of new 

NMDA receptors or a very slow rate of spontaneous release at the same location with 

evoked release.  

 

Figure 5.3: MK-801 treatment at rest minimally affects subsequent evoked NMDA-
eEPSCs in hippocampal cultures. 
(A-B) Protocol and sample traces of experiments testing cross talk between evoked 
NMDA-eEPSCs and NMDA-mEPSCs. In 20 DIV cultures, evoked NMDAR-mediated 
currents are measured with field stimulation by application of 20 mA pulses at 0.2 Hz in 
a solution containing 2 mM Ca2+, 0 mM Mg2+, 50 μM Picrotoxin, 10 μM CNQX, 15 μM 
glycine, and 1 μM strychnine. This type of stimulation activates all of the synapses 
formed on a given neuron (as judged by FM dye imaging see Supplementary Figure 2). 
The cells are then perfused with TTX for 1 minute and with TTX + MK-801 for 10 
minutes. At the end of a 10-minute period MK-801 is washed out with TTX containing 
solution for 1 minute and then TTX is rapidly (25ml/min) washed out for 1 minute and 
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NMDA-eEPSCs are again measured (0.2 Hz 10 pulses). Afterwards MK-801 is re-
applied and cells are stimulated at 0.2 Hz for 50 pulses until NMDA responses are 
depressed. At this point, MK-801 is washed out for 2 minutes and the test pulse is given 
to check for any recovery. (C) Sample trace for NMDA-mEPSC recorded in between 
stimulations, in the presence of TTX and MK-801. (D) NMDA-eEPSCs do not show 
significant decrease (p>0.25) after MK-801 treatment (before MK-801: 1072 ± 157 pA, 
after MK-801:  879 ± 114 pA). In response to stimulation in the presence of MK-801, 
they decrease and show no significant recovery after MK-801 wash out (after MK-
801+stimulation: 88 ± 14 pA, recovery after MK-801 washout; 141 ± 33 pA, p>0.1). (E) 
Graph depicting the percent reduction in NMDA-eEPSC amplitudes following a 10-
minute MK-801 treatment (n = 5, 18 ± 10 %), the decrease under the same conditions 
without MK-801 (black diamond, n = 4, 15 ± 5 %), the percent reduction in NMDA-
eEPSC amplitudes after incubation in MK-801+TTX for 20 minutes (n = 5, 42.5 ± 8.1 %) 
and 40 minutes (n = 7, 68.4 ± 8.4 %).  
 

5.2.3 Cross talk between NMDA-eEPSCs and NMDA-mEPSCs in hippocampal 

slices. 

 We next examined whether these observations obtained in dissociated 

hippocampal cultures were valid in situ using an acute hippocampal slice preparation. 

One advantage of the hippocampal slice preparation is that in the absence of stimulation 

most of the spontaneous events can be attributed to true spontaneous release even in the 

absence of TTX. This is because once a cut is introduced between the CA3-CA1 regions 

of a slice the propensity of spontaneous action potential driven activity diminishes. First, 

we replicated the original observations in hippocampal slices (Hessler et al., 1993). 

Namely, a 10-minute application of 50μM MK-801 after an initial evoked NMDA-

eEPSC did not occlude the subsequent evoked NMDA-eEPSC in the continued presence 

of MK-801 (Figure 5.4A-B). However, the second evoked NMDA-eEPSC declined 

rapidly (Figure 3A) as expected from the block of open NMDA channels by MK-801 

during the NMDA-eEPSC. In contrast, spontaneous NMDA-mEPSCs detected in the 

interim period showed swift biphasic block in agreement with the previous results from 
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the cultures (Figure 5.4 C-D). The fast component of the decay had a time constant of 19 

seconds whereas the slow component reached completion by the end of a 10-minute 

period of MK-801 exposure (down to 4% of the initial activity). This finding suggests 

that in slices, the spontaneous fusion rate of approximately 50% of the synapses is rather 

slow (τ=245 s) compared to dissociated cultures. After a ten-minutes long washout of 

MK-801, NMDA-mEPSCs showed only 9 ± 3% (n = 4) recovery consistent with their 

successful block during MK-801 application. These findings indicate that in acute 

hippocampal slices, as in cultures, the NMDA receptor population activated by 

spontaneous fusion events does not overlap with the one that gives rise to evoked 

NMDA-eEPSCs.  

 

Figure 5.4: Cross talk between NMDA-eEPSCs and NMDA-mEPSCs in 
hippocampal slices. 
(A) Sample traces of evoked NMDAR-mediated currents recorded from CA1 pyramidal 
neurons in rat hippocampal slices. In these experiments, evoked NMDAR-mediated 
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currents were recorded and subsequently, slices were perfused with 50 μM MK-801 in 
addition to other blockers (CNQX, picrotoxin, strychnine) required to isolate NMDAR-
mediated currents. At the end of the 10-minute MK-801 perfusion period, evoked 
NMDAR-mediated currents were recorded without washing out MK-801 (inset illustrates 
the increase in the rate of NMDA-eEPSC decay in the presence of MK-801, scale bar: 30 
pA vs. 400 ms). (B) Bar graph showing NMDA-eEPSC amplitudes before and after MK-
801 perfusion (n=5, before MK-801; 101±16 pA, after MK-801; 86±16 pA, p>0.2). (C) 
Traces depict the decrease in spontaneous NMDA-mEPSCs during MK-801 perfusion in 
the 10-minute period between evoked stimulations. (D) Plot shows the kinetics of MK-
801 block of spontaneous NMDA-mEPSCs (τfast =19 seconds, τslow=245 seconds). 
NMDA-mEPSC activity is quantified as charge transfer at 10-second intervals. 
 

5.2.4 MK-801 block of NMDA-eEPSCs has minimal effect on subsequent NMDA-

mEPSCs detected on the same cell. 

If the fusion pore kinetics or glutamate release profile of the spontaneous and 

evoked fusion events in a given synapse differed dramatically, then one can surmise a 

scenario where evoked fusion events may reach a higher percentage of receptors whereas 

spontaneous fusion events may activate only a very small number of receptors (Cull-

Candy and Leszkiewicz, 2004). This setting could give rise to an apparent lack of overlap 

between the receptor pools activated by the two forms of release, as block of NMDA-

mEPSCs would have a negligible effect on evoked NMDA-eEPSCs. To evaluate this 

possibility, we tested whether use-dependent block of evoked NMDA-eEPSCs impair 

subsequent NMDA-mEPSCs using field stimulation in the hippocampal culture system to 

activate most synapses on a neuron (Figure 5.5A and Figure 5.6). After recording 

NMDA-mEPSCs on a given cell, we rapidly perfused MK-801 after washing out TTX 

and stimulated cultures with 30 action potentials applied at 3 Hz (10 seconds). This 

moderate stimulation was used to minimize potential glutamate spill over. We then 

rapidly removed MK-801 and measured the NMDA-eEPSC after 1 minute (Figure 5.5 

B). This delay was necessary as this stimulation paradigm induces some synaptic 
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depression independent of the MK-801 block, therefore the actual extent of block was 

measured once synapses recover from this weak depression. Under these conditions, we 

detected a 61.6 ± 6 % reduction in NMDA-eEPSCs and only a 23.4 ± 16.5 % reduction in 

NMDA-mEPSCs (Figure 5.5 C). Application of MK-801 for 10 seconds without 

stimulation could induce a 15.5 ± 6.6 % reduction in NMDA-mEPSCs by itself indicating 

most of the reduction seen in spontaneous NMDA-mEPSCs cannot be attributed to block 

due to NMDA-eEPSCs despite some potential for spill-over during the 3 Hz stimulation 

(Figure 5.5 C). In addition, there is some variability in NMDA-mEPSC activity measured 

over 10 second intervals (-2.8 ± 10.9 % (n = 4)), which should be taken into account in 

comparison of these results (Figure 5.5 C). 

5.2.5 Differential use-dependent recovery of NMDA-eEPSCs and NMDA-mEPSCs 

from MK-801 block.  

After removal of MK-801, the recovery of NMDA receptors from MK-801 block 

is also use-dependent as it requires the presence of glutamate and proceeds with a time 

constant of 90 minutes at –70 mV (Huettner and Bean, 1988). In the next set of 

experiments, we tested whether NMDA-mEPSCs recover from MK-801 block and if this 

recovery is coupled to recovery of NMDA-eEPSCs. In these experiments, we first 

measured the extent of NMDA-mEPSC activity on a given neuron in the presence of 

TTX and after TTX wash out measured evoked NMDA-eEPCSs at 0.2 Hz stimulation for 

10 pulses (Figure 5.5D and E). At this point, we perfused MK-801 during stimulation for 

another 5 minutes until evoked responses were diminished. To ensure full block of 

NMDA-mEPSCs, we re-perfused TTX and MK-801 and quantified the depression of 

NMDA-mEPSCs for 2 minutes. This procedure guaranteed substantial block of both 
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evoked NMDA-eEPCSs and spontaneous NMDA-mEPSCs.  After removal of MK-801, 

we monitored the recovery of spontaneous NMDA-mEPSCs for 10 minutes (Figure 

5.5E). After 10 minutes, NMDA-mEPSCs showed 27.8 ± 6.7 % recovery whereas at this 

time point, evoked NMDA-eEPSCs (measured after TTX wash out) have recovered only 

13.1 ± 3.9% of their initial amplitudes (n = 5, p < 0.05) (Figure 5.5 F). This finding 

indicates that activation of NMDA receptors at rest by spontaneous glutamate release is 

not sufficient to remove MK-801 block of NMDA receptors activated in response to 

evoked release.  
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Figure 5.5: Differential MK-801 block and recovery of NMDA-eEPSCs and NMDA-
mEPSCs. 
(A-B) Protocol and sample traces of experiments testing cross talk between spontaneous 
NMDA-mEPSCs and evoked NMDA-eEPSCs. In 20 DIV cultures, NMDA-mEPSCs 
were measured for 5 minutes then TTX was rapidly washed out for 1 minute followed by 
MK-801 application. Following 3 Hz stimulation for 10 seconds MK-801 was washed 
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out for 1 min and a test pulse given to check the level of remaining NMDA-eEPSC 
amplitude. Finally, TTX was re-applied and NMDA-mEPSCs were measured again. (C) 
Bar graphs showing the percent reduction in NMDA-eEPSCs  (61.6 ± 6 %), in NMDA 
mEPSCs (23.4 ± 16.5 %) (p< 0.05, n=6). Percent reduction in NMDA-mEPSCs without 
stimulation (15.5 ± 6.6 %, n=5) was comparable to the decrease seen after stimulation. 
NMDA-mEPSCs show some variability in the absence of stimulation or MK-801 (-2.8 ± 
10.9 %, n = 4). (D-E) Experimental protocol and sample traces to test spontaneous 
recovery from MK-801 block. Hippocampal neurons were whole cell voltage clamped 
and isolated NMDA-mEPSCs were recorded for 5 minutes to measure baseline 
spontaneous fusion rate. TTX was then washed out and evoked NMDA-eEPCSs were 
measured at 0.2 Hz stimulation for 10 pulses. MK-801 was then perfused and neurons 
were stimulated for another 5 minutes until evoked responses were diminished. TTX and 
MK-801 was then perfused to check depression of NMDA-mEPSCs. After 2 minutes 
MK-801 was washed out and NMDA-mEPSCs were recorded for another 10 minutes. 
Following wash-out of TTX evoked NMDA-eEPSCs were measured again to check for 
spontaneous recovery. (F) Quantification of percent recovery from MK-801 block. 
NMDA-mEPSC recovery was measured by comparing charge transfer before MK-801 
washout to 10 minutes after MK-801 removal, whereas evoked recovery was assessed by 
comparing last 3 stimuli during MK-801 application with evoked stimulation following 
final TTX washout. (NMDA-mEPSC; 27.8  ± 6.7%  n = 5, NMDA-eEPSC; 13.1 ± 3.9%, 
n = 5, p < 0.03 ).   
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Figure 5.6: Field stimulation can activate a large fraction synapses in a given field of 
view in dissociated cultures.  
In these experiments to activate synapses we used field stimulation applied through 
parallel platinum plates. This method was first introduced by Ryan and Smith (Ryan and 
Smith, 1995) and since then used by several laboratories that image synaptic vesicle 
trafficking in dissociated cultures. Our laboratory has adopted this method and used in the 
electrophysiological experiments (Sara et al., 2002) in addition to fluorescence imaging. 
In our hands, the size of a typical AMPA-receptor-mediated response amplitude evoked 

 174



by this stimulation method is nearly 3 nA (Virmani et al., 2006). This magnitude is 
comparable to the size of an evoked response in an autaptic preparation (Rosenmund and 
Stevens, 1996; Moulder and Mennerick, 2005) suggesting that the number of synapses 
activated by this stimulation in a dissociated hippocampal culture is close to the number 
of synapse activated in an autaptic preparation. NMDA receptor mediated evoked 
responses in the current study are typically in the order of 1 nA consistent with a AMPA 
to NMDA ratio of 3 we typically see in this system (Atasoy and Kavalali, unpublished 
observations). These points strongly suggest that extracellular field stimulation used in 
this study is capable of activating a large fraction of synapses on a given neuron.  
(A-B) In order to examine the efficacy of field stimulation to activate a majority of 
synapses in a given field of view, cultures were labeled with FM 5-95 (16 μM) with field 
stimulation for 10 seconds at 3 Hz (the stimulation used in Figure 4). Images were taken 
after FM dye was washed out for 10 minutes, after which neurons were stimulated with 
47 mM K+ for 90 seconds in the absence of the FM dye to destain labeled synapses. The 
same area was then relabeled with FM 5-95 for 90 seconds in the presence of 47 mM K+ 
to identify all active synapses in the region. After dye wash out for 10 minutes, cultures 
were stimulated by 47 mM K+ in constant perfusion to determine total pool size of all 
synapses. (A) Panel shows the images taken after field stimulation (left) and after 47 mM 
K+ (right) labeling. (B) Panel depicts the ratio of fluorescence uptake after field 
stimulation induced labeling to total pool size for individual synapses. The selection of 
synapses was based on high potassium stimulation and all synapses identified with this 
maximal stimulation exhibited detectable staining during the 3 Hz stimulation (n = 4 
experiments, 68 boutons).  
(C) Images of hippocampal synapses labeled with FM 5-95 using 47 mM K+ stimulation 
for 90 seconds after dye washed out. Dye labeled synapses (left) were then stimulated 
using field stimulation for 10 seconds at 3 Hz (middle). Right panel shows the difference 
between the two images illustrating the overall efficacy of the field stimulation paradigm.  
(D) The destaining kinetics of individual synapses.   
(E) Histogram of the ratio of the amount fluorescence loss upon field stimulation versus 
total dye loss after complete destaining using 90 seconds application of 47 mM K+ for 3 
times (n = 4 experiments, 83 boutons).  
(F) Images taken from synaptophysin-pHluorin lentivirus infected cultures, before (left) 
and after (right) 10 seconds 3Hz field stimulation to visualize activated synapses. The 
cultures were then perfused with 20 mM NH4Cl to visualize all synapses by 
alkalinization of intracellular compartments containing quenched synaptophysin-
pHluorin. Synapse selection was based on images following NH4Cl application.  
(G) Individual fluorescence traces of selected boutons.  
(H) Histogram showing ratio of increase in fluorescence upon field stimulation versus 
NH4Cl application (n = 3 experiments, 74 boutons).    
 

5.2.6 Block of presynaptic NMDA receptors results in a small decrease in the 

frequency of AMPA-mEPSCs. 
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Recent studies have suggested a critical role for presynaptic NMDA receptors in 

regulation of neurotransmitter release (Sjostrom et al., 2003; Lien et al., 2006). Therefore, 

we wanted to test if the rapid MK-801 block of NMDA-mEPSCs we observed above 

(Figure 5.1) may in part be due to block of presynaptic NMDA receptors. To measure the 

contribution of presynaptic NMDA receptors to spontaneous glutamate release in our 

system, we replicated the conditions for our measurements of spontaneous NMDA-

mEPSCs except for removing CNQX to test if extracellular application of MK-801 would 

affect the frequency of spontaneous AMPA-mEPSCs (Figure 5.7A and B). As we showed 

above AMPA-mEPSCs originate from the same fusion events that give rise to NMDA-

mEPCSs (Figure 5.2). In order to clearly isolate AMPA-mEPSCs from NMDA-mEPSCs 

in the absence of Mg2+, we dialyzed hippocampal neurons with 1mM MK-801 for 20 

minutes to reduce the contribution of NMDA-mEPSCs to the overall spontaneous activity 

(Figure 5.7A). In this setting, we could block NMDA-mEPSCs by 50 % (55.9 ± 6 %; p < 

0.001 n = 6) (Figure 5.7B and C). At the end of the 20-minute period we washed out 

CNQX to observe AMPA-mEPSCs and monitor their activity during MK-801 

application. After 5 minutes, the application of 10 μM MK-801 to the bath to block 

presynaptic NMDA receptors reduced the AMPA-mEPSC activity down to 87.5 ± 5 % of 

controls (p < 0.05, n = 6) without a significant change in their amplitudes (p> 0.5) (Figure 

5.7D and E). This finding suggests that the spontaneous fusion rate is indeed sensitive to 

presynaptic NMDA receptor activity. Nevertheless, the rapid effect of MK-801 on 

NMDA-mEPSCs appears to be minimally affected by the contribution of MK-801 block 

of putative presynaptic NMDA receptors.  
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Figure 5.7: Block of presynaptic NMDA receptors results in a small decrease in the 
frequency of AMPA-mEPSCs. 
(A) Experimental protocol to measure contribution of presynaptic NMDA receptors to 
mEPSC frequency. Hippocampal neurons are whole cell voltage clamped with an internal 
pipette solution containing 1mM MK-801 for 20 minutes and NMDA-mEPSC events are 
isolated with 10 μM CNQX and 50 μM PTX. At the end of 20 min. CNQX is washed out 
to observe AMPA-mEPSCs. After 5 minutes 10 μM MK-801 is applied to the bath to 
block presynaptic NMDA receptors. (B) Sample traces show change in NMDA-mEPSC 
during recording with internal MK-801 application. (C) Quantification of decrease in 
NMDA-mEPSC during internal application of MK-801 normalized to initial charge 
transfer rate (55.9 ± 6 %; p < 0.001 n = 6) (D) Sample traces depicting mEPSCs before 
and after bath application of MK-801. (E-F) Quantification of decrease in AMPA-
mEPSC frequency (87.5 ± 5 %; p < 0.05, n = 5) and amplitudes (before: 21.2 ± 0.5, after 
19.2 ± 0.8 pA; p > 0.5, n = 5) following bath application of MK-801  
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5.2.7 Optical analysis of spontaneous and evoked neurotransmission at individual 

synapses reveals no correlation between the kinetics of the two forms of release. 

If synapses capable of efficient evoked neurotransmitter release were poor in 

spontaneous release and vice versa, then one would expect to see a lack of cross talk 

between sets of NMDA receptors activated by the two forms of release. If this were the 

case then the rate of spontaneous release and the probability of evoked release in a single 

synapse would be inversely correlated. In the next set of experiments, we addressed this 

question by using an optical imaging approach to compare the propensity of evoked and 

spontaneous release at individual synapses. For this purpose, we infected hippocampal 

cultures with lentivirus containing DNA for the synaptic vesicle protein synaptophysin 

tagged with superecliptic pHluorin (synaptophysin-pHluorin), a GFP-based pH sensor 

that is normally quenched at pH 5.5 within the vesicle lumen but fluoresces once vesicles 

fuse and the fluorophore is exposed to extracellular pH (7.4) (Miesenbock et al., 1998). 

This construct is better localized to synaptic vesicles and manifests minimal surface 

fluorescence compared to the classical synaptophluorin, which is a fusion construct of 

synaptobrevin (Zhu et al., Society for Neuroscience Abstract 2004; (Granseth et al., 

2006)) (Figure 5.8 A). For these imaging experiments we selected isolated 1 μm2 

fluorescent puncta, which typically correspond to individual synapses (Liu et al., 1999). 

To correlate the rate of spontaneous release with evoked release we incubated cultures 

with a low concentration of folimycin (10 nM) a high-affinity blocker of vacuolar 

ATPase required for re-acidification of vesicles upon endocytosis (Drose and Altendorf, 

1997). Folimycin traps vesicles in an alkaline state after endocytosis thus results in a 

cumulative measure of exocytosis (Ryan et al., 1997; Sankaranarayanan and Ryan, 2001). 
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At rest, using 10 nM folimycin we detected a slow Ca2+-dependent increase in 

fluorescence due to spontaneous fusion activity (Figure 5.8 A and B). At 0 mM Ca2+ the 

increase in fluorescence was nominal, in contrast, increasing Ca2+ concentration to 8 mM 

resulted in clearly perceptible rise in fluorescence (Figure 5.8 B). Thus this spontaneous 

fluorescence increase was sensitive to alterations in extracellular Ca2+ concentration 

similar to spontaneous neurotransmitter release and FM dye release detected in the same 

system (Figure 5.1G-H) (Sara et al., 2005). We also tested this premise by quantifying the 

rate of fluorescence increase 3 minutes after application of saturating stimulation (30 Hz, 

2 minutes) to mobilize most of the recycling vesicles in the presence of folimycin in 2 

mM Ca2+. The rate of fluorescence increase due to spontaneous alkalinization under this 

condition was not significantly different from the alkalinization rate at 0 mM Ca2+ 

(p>0.5) (n=3 experiments, 366 boutons) (Figure 5.8 B-inset).  In addition, the sites of 

spontaneous fluorescence increase coincided with the locations sensitive to intense action 

potential stimulation (600 pulses at 30 Hz) indicating that these sites corresponded to 

presynaptic boutons (Figure 5.8 B).  

The kinetics of vesicle mobilization at 1 Hz is dependent on the probability of 

neurotransmitter release in individual synapses (Waters and Smith, 2002). This is mainly 

because at 1 Hz stimulation there is very little plasticity and thus each stimulation gives 

rise to independent trials. Therefore, in the next set of experiments we monitored the rate 

of spontaneous fluorescence rise in tandem with the rise in fluorescence in response to 1 

Hz stimulation (Figure 5.8 C and D). This paradigm was followed by 30 Hz stimulation 

in the presence of 8 mM Ca2+ in order to clearly identify synaptic boutons. Under these 

conditions, we analyzed a total of 440 boutons (9 experiments) by measuring the rate of 
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fluorescence rise from the linear portions of individual traces for spontaneous and evoked 

recording segments (Figure 5.8 C and D). Restricting our measurements to the linear 

portions of the traces was necessary because a significant number of the traces reached a 

plateau presumably due to reuse of vesicles in an alkaline-trapped state (Figure 5.8 C).  

Overall, the comparison of release rates did not reveal a significant positive or 

negative correlation between the propensities for evoked and spontaneous fusion of 

individual synapses (R=0.001) (Figure 5.8 E). 14.7% (65 synapses) of synapses exhibited 

either no evoked release or they showed evoked release at a rate less than spontaneous 

release (Kimura et al., 1997). In 79% of the synaptic boutons evoked release kinetics was 

equal or faster than that of spontaneous release. 6% (27 synapses) did not show any 

detectable spontaneous release but manifested evoked release. Furthermore, 3 boutons 

showed no release under both conditions but responded to 30 Hz stimulation 

dramatically. On average, evoked release rate per minute at 1 Hz was 11.9 times faster 

than the spontaneous release rate. The median of the fold increase in release rate during 1 

Hz stimulation was 5.4. If we assume an evoked release probability of 0.2 for 

hippocampal synapses in culture (Murthy et al., 1997) then we would expect release of 

approximately 12 vesicles during 60 seconds of 1 Hz stimulation. From the ratio of 

evoked and spontaneous release rates, we can estimate the spontaneous release rate for a 

typical synapse as 1 to 2 vesicles per minute. This estimate is in line with earlier work 

(Geppert et al., 1994; Murthy and Stevens, 1999; Sara et al., 2005) as well as our 

electrophysiological measurements in this study (Figure 5.1E). Taken together, this 

analysis suggests that spontaneous and evoked release occur within the same synapses 

(79% of the time) however, without significant correlation between their kinetics. In 
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addition, spontaneous release events do not appear to be ectopic as they occur at discrete 

spots coincident with intense evoked release rather than being diffusely distributed along 

an axon. 
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Figure 5.8: Optical analysis of spontaneous and evoked release with synaptophysin-
pHluorin at individual synapses. 
(A) Sample images from spontaneous folimycin dependent alkalinization experiments. 
(Scale bar applies to all three images) Dissociated cultures are infected with 
synaptophysin-pHluorin lentivirus at 8 DIV and analyzed starting at 13-14 DIV. 
Following baseline imaging for 1 minute, 10 nM freshly prepared folimycin was applied 
to bath. Cultures were allowed to rest for 10 minutes in the presence of 10 μM CNQX, 50 
μM AP5 and 50 μM PTX to estimate spontaneous fusion rate with image acquisition 
every 3 s at 100 ms exposure. Afterwards cells were stimulated with a parallel field 
electrode 25 mA-1ms at 1 Hz frequency for 10 minutes. At the end of the 10-minute 
period, cultures were exposed to 8 mM Ca2+ and stimulated at 30Hz for 600 pulses for 
maximal stimulation to estimate total pool size. (B) Spontaneous alkalinization rate in 0 
mM Ca2+ (n = 5 experiment 166 boutons, reaches 11.3 % of total pool size at the end of 
10 minutes) was substantially slower than in 8 mM Ca2+ (n = 6 experiment 198 boutons, 
reaches 37.1 % of total pool size at the end of 10 minutes) (p<0.01). Inset: Comparison of 
spontaneous alkalinization rates in three different Ca2+ concentrations (8mM, 2mM, 
0mM) and the same rate 3 minutes after saturating stimulation (30 Hz, 2 minutes, n=3 
experiments 366 boutons) in 2 mM Ca2+. The rate of fluorescence increase after this 
saturating stimulation was not significantly different from the fluorescence increase at 0 
mM Ca2+ (p>0.5).  However, spontaneous alkalinization rates in 8 mM Ca2+ and in 2 mM 
Ca2+ were significantly different from each other as well as from the rate at 0 mM Ca2+ 
(p<0.01). We used the slopes of the linear portions of individual traces to calculate the 
rate of fluorescence rise from spontaneous and evoked recording segments. (C) Sample 
traces from experiments where spontaneous alkalinization in the presence of 2 mM Ca2+ 
was immediately followed by 1 Hz stimulation to estimate evoked release probability. 
(D) Average of normalized traces in 2 mM Ca2+ (n = 9 experiments 440 boutons, reach 
22.4 % of total pool size at the end of 10 minutes) (E) Scatter plot comparing the rate of 
spontaneous fusion per minute with the rate of fusion evoked at 1 Hz per minute at the 
level of individual boutons. The plot could be fitted with a trend line with the equation: y 
= 0.0094x + 0.16, R = 0.001.  
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5.2.8 Glutamate diffusion in the synaptic cleft and restricted access of exogenous 

NMDA to NMDA receptors driving evoked neurotransmission 

The results presented above argue for co-existence of evoked and spontaneous 

release within a 1 μm2 synaptophysin-pHluorin labeled area that presumably correspond 

to individual presynaptic terminals. This finding is consistent with earlier work 

performed using uptake and release of FM dyes (Sara et al., 2005; Groemer and Klingauf, 

2007; Prange and Murphy, 1999), and postsynaptic Ca2+ imaging (Murphy et al., 1994; 

Murthy et al., 2000).  How can the two sets of NMDA receptors that open in such a 

restricted area in response to glutamate release have limited cross talk? To address this 

question, we used a simple diffusion model and tested the extent glutamate diffusion in 

the synaptic cleft upon synaptic vesicle fusion. A critical factor that determines the 

diffusion of glutamate is the diffusion coefficient. This number is thought to vary 

between 0.1 to 0.75 μm2/ms (Rusakov and Kullmann, 1998; Xu-Friedman and Regehr, 

2003). The latter represents the diffusion coefficient for glutamate in free solution, where 

as the lower limit represents diffusion coefficient in a highly restricted space.  When we 

constructed a simple diffusion model following earlier work (Xu-Friedman and Regehr, 

2003) and varied the diffusion coefficient, we observed that altering the diffusion 

coefficient in the synaptic cleft still resulted in glutamate concentrations near the affinity 

of NMDA receptors (1-3 μM) within a 1 μm distance from the site of fusion irrespective 

of the diffusion coefficient (Figure 5.9).  

The extent of glutamate diffusion in the synaptic cleft is a matter of debate and 

can be affected by several factors which include the glutamate concentration in synaptic 

 183



vesicles, vesicle fusion pore size and duration during glutamate release, the width of the 

synaptic cleft as well as concentration of glutamate transporters in and around the 

synaptic cleft (Choi et al., 2000; Diamond, 2001; Savtchenko and Rusakov, 2007). 

Furthermore, complex gating of NMDA receptors makes estimating their responsiveness 

to dynamic changes in cleft glutamate concentrations a challenge (Popescu et al., 2004). 

In the next set of experiments, we examined the potential role of glutamate transporters in 

the cross talk between NMDA receptors activated in response to spontaneous versus 

evoked neurotransmission. Earlier work has ascribed a critical role for these transporters 

for controlling the spill over of glutamate from the synaptic cleft and activation of 

extrasynaptic NMDA receptors (Rusakov and Kullmann, 1998; Diamond, 2001). 

Application of 50 μM TBOA, a potent wide spectrum blocker of glutamate transporters, 

caused a substantial increase in spontaneous NMDA-mEPSC activity (Figure 5.10) 

suggesting that these transporters are active and limit glutamate diffusion at rest. 

Surprisingly, however, co-application of MK-801 in the presence of TBOA at rest did not 

alter subsequent evoked NMDA-eEPSCs , although it blocked this baseline activity 

rapidly (Figure 5.10). This finding indicates that glutamate transporters are not 

responsible for the segregation of spontaneous and evoked NMDA receptor activity 

under these conditions.  
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Figure 5.9: Simple alterations in glutamate diffusion in the synaptic cleft cannot 
account for our observations. 
To test whether alterations in the diffusion coefficient for glutamate in a prototypical 
synaptic cleft can account for our observations, we adopted an earlier diffusion model by 
Xu-Friedman and Regehr (2003) for the cerebellar mossy fiber to granule cell synapses. 
This model estimates the extent glutamate diffusion in the synaptic cleft upon fusion of a 
single synaptic vesicle from a single site. Glutamate diffusion originates from an 
instantaneous point source on an infinite plane. Under these circumstances, glutamate 
concentration at a certain distance r and a time t after the initial fusion event is given by 
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C(r,t) = [M/4πDt]exp(-r2/4Dt). Here, D is the diffusion coefficient, and M denotes the 
amount of glutamate released from a single vesicle of radius ρ (spherical vesicle 
volume=4/3 π ρ3) containing glutamate concentration of C0. In these calculations we 
assumed ρ =20 nm and C0= 100 mM. In order to obtain glutamate concentration in units 
of molarity within the synaptic cleft, we divided this value by the length of the synaptic 
cleft λ (=20 nm). Using the resulting equation C(r,t) = ρ3C0/3tDλ exp(-r2/4Dt), we 
calculated the glutamate concentration at 0.1, 0.3, 1, 3 and 10 ms after fusion across the 
synaptic cleft for three values of the diffusion coefficient D (0.1, 0.3, 0.75 μm2/ms). 0.75 
μm2/ms represents the diffusion coefficient for glutamate in free solution, where as 0.1 
μm2/ms represents diffusion coefficient in a highly restricted space.  These calculations 
show that altering the diffusion coefficient in the synaptic cleft still resulted in glutamate 
concentrations near the affinity of NMDA receptors (1-3 μM) within a 1 μm distance 
from the site of fusion in 1 millisecond irrespective of the diffusion coefficient.  
  
 

 

Figure 5.10: Block of glutamate transporters does not lead to cross talk between 
evoked and spontaneous neurotransmission.  
(A) Experimental design to test the effect of glutamate transporter blocker TBOA on 
NMDA receptor cross talk. 14-15 DIV neurons were whole cell voltage clamped and 
NMDA currents were evoked, followed by TTX application to block network activity. 2-
minutes later TBOA (50 µM) was perfused and followed by MK-801 perfusion after 1 
minute for 10 minutes. At the end of the 10-minute period TTX, TBOA and MK-801 was 
washed-out and NMDA-EPSCs were evoked again. (B) Sample NMDA-mEPSC trace 
during TBOA and MK-801 application. (C) Quantification of the increase in baseline 
spontaneous activity following blockade of glutamate uptake shows a 3.18±07 fold 
increase from the baseline charge transfer rate. (D-E) Sample traces and quantification of 
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NMDA-eEPSCs before and after 10 minutes of incubation with MK-801 ± TBOA 
(97.1±11 % of initial evoked NMDA-eEPSC amplitude, n=5). 

 

From these results, it is hard to envision that the NMDA receptors sustaining 

spontaneous and evoked neurotransmission can be functionally segregated in the absence 

of a diffusion barrier that effectively limits glutamate access. In earlier work, such a 

diffusion barrier was postulated but considered unlikely by Mainen and colleagues 

(Mainen et al., 1999) to account for their observation that NMDA receptors are not 

saturated in response to evoked stimulation. This possibility is also supported by the 

extensive complexity of the synaptic cleft architecture and high density of proteinaceous 

material present within the narrow (<20 nm) space between the pre- and the postsynaptic 

membranes (Lucic et al., 2005). In order to test this notion, we co-applied 100 μM 

NMDA and 30 μM MK-801 (in 15 μM glycine) to hippocampal cultures and tested the 

block of global NMDA responses, spontaneous NMDA-mEPSCs and evoked NMDA-

eEPSCs (Figure 5.11 A). 5-second application of NMDA-MK-801 cocktail was sufficient 

to reduce the global NMDA response by 95±0.6% (n=5) (Figure 5.11 B-C). Under the 

same condition, spontaneous NMDA-mEPSC activity was reduced by 97±0.8% (n=6) 

(Figure 7D). In contrast, evoked NMDA-eEPSCs were mildly affected by this treatment 

as they were only reduced by 45±8% (n=14) (Figure 7E).  Subsequent application of AP-

5 could completely block this current, whereas it had nominal effect on the remaining 

baseline activity (Figure 5.12A-D). Furthermore, remaining NMDA-eEPSCs showed 

minimal recovery from MK-801 block during 5 pulses applied at 0.1 Hz (Figure 5.12 E-

F). Prolongation of the NMDA-MK-801 cocktail perfusion caused a substantial block of 

all forms of NMDA receptor activity by (>91%, n=7) (Figure 5.11 F-I). Similarly, 
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increasing NMDA concentration to 1 mM resulted in a substantial block of all NMDA 

receptor mediated activity within 5 seconds (>90%, n= 5) (Figure 5.11 J-M). This final 

result suggests that NMDA concentration was the predominant limiting factor in the 

partial block of NMDA-eEPSCs consistent with the 10-30 μM affinity of NMDA 

receptors for NMDA (Patneau and Mayer, 1990). Taken together, these results suggest 

that briefly applied exogenous NMDA has limited access to receptors that mediate 

evoked NMDA-eEPSCs whereas NMDA receptors that sustain spontaneous 

neurotransmission are readily accessible to the exogenous NMDA. These findings are 

consistent with a model where a diffusion barrier segregates the site of evoked versus 

spontaneous neurotransmission, and argue that spontaneous neurotransmission is 

perisynaptic in its localization with respect to evoked neurotransmission (Figure 5.11 N).  
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Figure 5.11: Relatively higher susceptibility of spontaneous NMDA-mEPSCs to 
MK-801 block during exogenous NMDA application compared to evoked NMDA-
eEPSCs.  
(A) Experimental protocol to test susceptibility of evoked NMDA-eEPSCs and 
spontaneous NMDA-mEPSCs to exogenously applied NMDA and MK-801. 
Hippocampal neurons from 15 DIV cultures were whole-cell voltage clamped in an 
external solution similar to the one in Figure 4. First a baseline for evoked NMDA 
currents was obtained by 0.1 Hz stimulation (10 pulses), then TTX was perfused and 
spontaneous NMDA-mEPSC activity was recorded for 3 minutes. In order to obtain an 
estimate of total NMDA response, 100 μM NMDA containing solution (with 0.5mM 
Ca2+ to minimize possible synaptic release might be caused by opening of presynaptic 
NMDA channels) was applied exogenously for 5 seconds and rapidly washed out for 5 
minutes with TTX solution. At the end of the washout, NMDA + MK-801 (30μM) was 
applied for 5 seconds. Both NMDA and MK-801 was rapidly washed out for 5 minutes 
with a TTX containing solution, during which the remaining NMDA-mEPSCs were 
recorded. Then TTX was washed out and evoked NMDA-eEPSCs were measured to 
quantify the extent of block. Finally solutions containing NMDA alone or with MK-801 
were applied again to quantify the extent of reduction in the global NMDA response.  
(B-E) Sample traces and the quantification of NMDA-receptor mediated responses 
during and after 5 second 100μM NMDA + 30 μM MK-801 application (B) NMDA 
(100μM) + MK-801 application by integration of charge over 5 seconds, 1st indicates 
initial application (black trace), 2nd indicates second application (red trace) (1st = 15.89 
±1.89nC 2nd = 1.35 ± 0.33nC, p<0.001, n=14, percent decrease =90.8±3 %) (C) Total 
NMDA response (5 seconds, 1st before, 2nd after NMDA+MK-801) (1st = 85.09 ±6.25nC 
2nd = 3.6 ± 0.44nC, p<0.001, n=5, reduction= 95.6±0.6 %) (D) NMDA-mEPSCs, 
quantified by charge integration of 20 seconds. (1st = 0.054 ±0.025nC 2nd = 0.0015 ± 
0.0005nC, p<0.001, n=6, percent decrease=97.3±0.8 %) (E) Evoked NMDA-eEPSCs 
cumulative charge over 1 second (1st = 0.807 ±0.13nC 2nd = 0.49 ± 0.11nC, p<0.05, 
n=14, percent decrease=45±8.5 %). The decrease in NMDA-mEPSC was significantly 
higher than the decrease in NMDA-eEPSC, 97.3 % vs. 45%, p = 0.002. 
(F-I) Similar to (B-E) but this time NMDA+MK-801 application was prolonged to 30 
seconds. (F) NMDA (100μM) + MK-801, quantified by integration of charge over 30 
seconds, (1st = 12.7 ±2.4nC 2nd = 0.95 ± 0.3nC, p<0.001, n=7, percent decrease=90.0±5 
%) (G) Total NMDA response (5 seconds, 1st = 73.77 ±8.5nC 2nd = 2.8± 0.89nC, 
p<0.001, n=7, percent decrease=96±1.1 %) (H) NMDA-mEPSCs, (1st = 0.07 ±0.025nC 
2nd = 0.0003 ± 0.0002nC, p<0.001, n=7, percent decrease=96.9±3 %) (I) Evoked NMDA-
eEPSC (1st = 0.85 ±0.07nC 2nd = 0.044 ± 0.01nC, p<0.001, n=7, percent decrease=94±2.4 
%). The decrease in NMDA-mEPSC was not significantly different than the decrease in 
NMDA-eEPSCs, p > 0.1. 
(J-M) Similar to (B-E) but this time NMDA concentration was 1mM. (J) NMDA (1mM) 
+ MK-801 (1st = 18.14 ±1.9nC 2nd = 0.7 ± 0.27nC, p<0.001, n=5, percent decrease 
=96.3±1 %) (K) Total NMDA response (1st = 90.95 ±6.4nC 2nd = 2.35 ± 0.45nC, 
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p<0.001, n=5, percent decrease=97.2±0.6 %) (L) NMDA-mEPSCs, (1st = 0.08 ±0.026nC 
2nd = 0.0002 ± 0.0001nC, p<0.001, n=5, percent decrease=99.7±0.21 %) (M) Evoked 
NMDA-eEPSC (1st = 0.74 ±0.11nC 2nd = 0.055 ± 0.022nC, p<0.001, n=5, percent 
decrease=91±2 %). The decrease in NMDA-mEPSC was not significantly different from 
the decrease in NMDA-eEPSC, p > 0.1. (N) Taken together with the optical imaging 
experiments presented in Figure 6, these data suggest that spontaneous NMDA-mEPSCs 
have a perisynaptic localization more susceptible to block by exogenous NMDA-MK-801 
application.  
 

 

Figure 5.12: AP-5 sensitivity and use-dependent recovery of evoked NMDA-eEPSCs 
remaining after NMDA+MK-801 application. 
(A-D) Examination of the AP-5 sensitivity of the remaining activity following 
application of exogenous NMDA+MK-801. After co-application of NMDA+MK-801, 
we applied 50 μM of AP-5 to test whether the remaining evoked NMDA-eEPSCs and 
spontaneous NMDA-mEPSCs represented bona fide NMDA receptor activity. (A-B) 
Initial evoked NMDA-eEPSC charge transfer was: 0.82±0.07nC, after NMDA+MK801; 
0.47±0.13nC, after AP-5; 0.04±0.01nC (n=5, p<0.001) suggesting that most of the 
evoked response was indeed attributable to NMDA receptor activity (C-D) Initial 
spontaneous NMDA-mEPSC charge transfer was: 0.044±0.015nC, after 
NMDA+MK801; 0.00012±0.00002nC, after AP5 < 0.00001nC (n=5, p<0.001) indicating 
that MK-801 application has already reduced the NMDA-mEPSCs to nominal levels.   
(E-F) Testing use-dependent recovery of NMDA-eEPSCs after NMDA+MK-801 
blockade during 0.1 Hz stimulation. In these experiments, we tested whether NMDA-
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eEPSCs remaining after NMDA-MK-801 application showed any rapid recovery. (E) 
Sample traces and (F) average amplitudes of remaining NMDA-eEPSCs after 5s-100 μM 
NMDA+MK801 application (experiments shown in Fig.7. A-E (black-top)) compared to 
experiments from Fig.7. F-M (red-bottom) with 30 s application of the same solution. In 
both sets of experiments (after partial block or after complete block) we observed only a 
small but insignificant degree of unblock following repetitive stimulation (p>0.1). These 
findings suggest that different degrees of reduction in evoked NMDA-eEPSCs cannot be 
attributed to different degrees of unblock during these experiments. 
 

5.2.9 Asynchronous release detected in the absence of synaptotagmin 1 or in the 

presence of Sr2+ is resistant to MK-801 application at rest 

Finally, we extended our observations by asking whether asynchronously released 

neurotransmitter quanta activate the same set of NMDA receptors as spontaneous 

neurotransmitter release. To address this question we used dissociated hippocampal 

cultures from mice deficient in the synaptic vesicle protein synaptotagmin 1 (syt 1). Syt 1 

deficient (syt 1 -/-) synapses release vesicles asynchronously, as syt 1 is the major sensor 

for the Ca2+-dependent synchronous neurotransmitter release (Geppert et al., 1994; 

Fernandez-Chacon et al., 2001). In syt 1 -/- cultures, evoked NMDA-eEPSCs were 

significantly delayed in their activation and decay, consistent with earlier observations 

from evoked AMPA-eEPSCs in these cultures (Geppert et al., 1994) (Figure 5.13 A-B). 

Interestingly, in parallel with our observations in wild-type rat and mouse cultures, 

asynchronous NMDA-eEPSCs in syt 1 -/- cultures were unaffected by the 10 minute 

MK-801 treatment at rest (in the presence of TTX) (Figure 5.13 A and C). In contrast, in 

syt 1-/- cultures, the frequency of spontaneous NMDA-mEPSCs were at least two-fold 

higher than that of controls (Pang et al., 2006) and accordingly, their rate of MK-801 

block was also significantly hastened compared to cultures from littermate controls 

(Figure 5.13 D and E) (wild type (wt), τ = �19 s, syt 1 -/-, τ =  �8 s). These findings 
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suggest that asynchronous release events detected in the absence of syt 1 activate that 

same set of NMDA receptors as synchronous release events under control conditions. 

This result agrees with earlier studies showing that synchronous and asynchronous 

release events originate from the same set of vesicles albeit with different release kinetics 

(Otsu et al., 2004; Sakaba, 2006). Furthermore, the increase in mEPSCs detected in syt 1-

/- synapses is independent of the alteration in synchronicity of release seen in the absence 

of syt 1. 

Asynchronous neurotransmitter release can also be triggered in wild type neurons 

when Sr2+ is used instead of Ca2+ as the charge carrier to elicit neurotransmitter release 

(Dodge et al., 1969). Therefore, Sr2+ is commonly used in experimental settings where 

quantal events associated with a specific stimulated input onto a neuron is examined 

(Oliet et al., 1996). In rat hippocampal cultures, substitution of Ca2+ with Sr2+ resulted in 

a prominent asynchronous component of the AMPA-eEPSC (Figure 5.13 F). In contrast, 

the properties of NMDA-eEPSCs were not substantially altered presumably due to the 

high affinity of NMDA receptors to glutamate and the resulting slow kinetics of 

NMDAR-mediated currents (Figure 5.13 G). Perfusing cultures with MK-801 for 10 

minutes (in 2 mM Ca2+) after eliciting a single Sr2+-mediated NMDA-eEPSC did not 

significantly alter the magnitude of the subsequent Sr2+-mediated NMDA-eEPSC (Figure 

5.13 H, I). However, continued stimulation in the presence of Sr2+ and MK-801 for 3 

minutes resulted in substantial inhibition of NMDA-eEPSCs (Figure 5.13 J) and washing 

out Sr2+ with Ca2+ did not cause significant recovery (Figure 5.13 J, K). Taken together, 

these findings suggest that, as in the case of syt 1-/- synapses, Sr2+ triggered 
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asynchronous release does not activate the same NMDA receptors as spontaneous release 

and NMDA receptors activated by asynchronous and synchronous release overlap. 
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Figure 5.13: Asynchronous release detected in the absence of synaptotagmin 1 or in 
strontium is resistant to MK-801 application at rest. 
(A) Hippocampal cultures from synaptotagmin-1 deficient mice and wild type littermates 
are stimulated to elicit NMDA-eEPSCs as in Figure 2. Between the two stimulations a 
solution containing TTX + MK-801 was perfused for 10 minutes and NMDA-mEPSCs 
were recorded (shown in D). At the end of the 10-minute period MK-801 and TTX was 
rapidly washed out and cells were stimulated to evoke an NMDA-eEPSC again. (B) 
Comparison of rise and decay times of evoked NMDA-eEPSC in wild type and 
synaptotagmin 1 deficient cultures. (Rise times: wt =35.6 ± 2.9 ms, (n = 5); syt-1 -/- 
=421.8 ± 35.1 ms (n = 5); p < 0.001 Decay times: wt = 255.6 ± 27 ms, (n = 5); syt-1 -/- = 
649.5± 34.7 ms (n = 5); p < 0.05). (C) NMDA-eEPSC amplitudes did not show a 
significant change in wild type and synaptotagmin 1 deficient cultures (before MK-801: 
wt = 1795 ± 261 pA (n=5); syt-1 -/- = 700 ± 84 pA, (n = 5), after MK-801: wt = 1656 ± 
420 pA; syt-1 -/- = 583 ± 15 pA, (wt: p > 0.7 and syt-1 -/-: p > 0.2)). (D) NMDA-mEPSC 
traces from the same experiments shown in A. (E) The time constant of MK-801 block is 
significantly faster in synaptotagmin 1 deficient cultures (p < 0.02). For wt τ = 19 s, and 
for syt-1 -/- τ = 8 s. Inset: baseline charge transfer per 10s, wt = 10.4 ± 4 pC/10 s, syt-1-/- 
=30.2 ± 18 pC/10 s; p<0.05. (F-G)  Sr2+ dramatically desynchronizes evoked AMPA-
eEPCS but not NMDA-eEPSC currents in wild type cultures. (H-I) Wild type 
hippocampal cultures are stimulated to elicit NMDA-eEPSCs as in (A) in the presence of 
2mM Sr2+ instead of Ca2+. Between the two stimulations NMDA-mEPSCs were recorded 
in Ca2+ as in (A-B). NMDA-eEPSC amplitudes did not show a significant change (before 
MK-801: 978  ± 128 pA (n=5), after MK-801: 803 ± 54 pA: p > 0.2). (J-K) Wild type 
hippocampal neurons are stimulated to elicit NMDA-eEPSC in the presence of 2 mM Sr 

2+ at 0.1 Hz until a stable baseline is achieved, MK-801 is then perfused and stimulation 
is continued for another 3 minutes until the responses are blocked. Sr2+ is then washed 
out and Ca2+ is washed in and evoked responses are measured again to check for any 
recovery. The depressed evoked NMDA-eEPSCs did not recover significantly (before 
MK-801: 1202.5  ± 199.5 pA (n=5), after 3 minutes stimulation in MK-801: 78.7 ± 6 pA, 
after Sr2+ is replaced with Ca2+: 182.5 ± 15 pA, p>0.1).  

 

 

5.3 Discussion 

In this study, we took advantage of MK-801, a high affinity use-dependent 

blocker of NMDA receptors, to show that there is limited cross talk between the NMDA 

receptors that are activated in response to spontaneous versus evoked glutamate release. 

The use-dependent nature of the MK-801 block has been instrumental in other settings to 

distinguish between NMDA receptor populations activated by different sources of 
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glutamate (Fellin et al., 2004; Fremeau et al., 2004). The proposal that spontaneous and 

evoked neurotransmission utilizes different sets of NMDA receptors is based on the 

following three principle observations: First, electrophysiological experiments in 

hippocampal cultures and slices showed that use dependent block of spontaneous 

NMDA-mEPSCs and evoked NMDA-eEPSCs were independent.  In these experiments 

MK-801 application caused a rapid block of NMDA-mEPSCs that was not mediated by 

the block of presynaptic NMDA receptors as their inhibition had minimal effect on the 

rate of spontaneous release. Second, once the NMDA receptors activated by evoked and 

spontaneous release were blocked, NMDA-mEPSCs showed significant recovery at rest 

without concomitant recovery of NMDA-eEPSCs. Third, MK-801 block induced by brief 

exogenous NMDA application preferentially affected spontaneous NMDA-mEPSCs and 

partially spared evoked NMDA-eEPSCs indicating limited access of NMDA to the site of 

evoked neurotransmission.  

Do spontaneous and evoked neurotransmitter release originate from different 

synapses? 

There are multiple scenarios that may account for these findings. First, 

spontaneous and evoked fusion events may originate from different synapses thus they 

may not activate the same set of receptors (Townsend et al., 2003). However, previous 

studies in hippocampal cultures have documented substantial co-localization of 

spontaneous and evoked synaptic vesicle recycling in individual synaptic boutons using 

uptake of fluorescent markers (Murthy and Stevens, 1999; Prange and Murphy, 1999; 

Murthy et al., 2000; Sara et al., 2005; Groemer and Klingauf, 2007). Furthermore, the 

same studies have shown that the sizes of the vesicle pools labeled with spontaneous 
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versus evoked uptake of fluorescence probes in a given nerve terminal are strongly 

correlated (Murthy and Stevens, 1999; Prange and Murphy, 1999; Sara et al., 2005). 

Therefore, we consider segregation of spontaneous and evoked neurotransmitter release 

into different synapses unlikely. Accordingly, optical analysis we performed in this study 

showed that at least 79% of the synapses are both capable of evoked and spontaneous 

release although the kinetics of the two forms of release were not correlated in a given 

synapse. However, we need to note that a major caveat of our optical analysis is the 

selection of fluorescent puncta that correspond to active synapses using 30 Hz 

stimulation. This selection criterion may bias our results against a population of synapses 

that may show low levels of spontaneous release without significant evoked release. 

Nevertheless, our optical analysis is consistent with an earlier study in the frog 

neuromuscular junction that examined the distribution of active sites for spontaneous 

release and evoked release and found that the level of spontaneous release is relatively 

uniform across active zones. The same study showed that the location of spontaneous 

release corresponded well with the sites of evoked release, although the propensity of 

evoked release varied widely among active zones (Zefirov et al., 1995). In addition to the 

optical analysis, it is difficult to reconcile the results of the exogenous NMDA application 

experiments (Figure 5.11) with the “different synapses” model unless we postulate that 

spontaneous and evoked release predominantly occur in two different synapse types with 

substantially different synaptic cleft structures where one cleft structure (i.e. for 

spontaneous transmission) is readily accessible to exogenous NMDA whereas the other 

(evoked transmission) only provides limited access. Taken together with the earlier 

findings in hippocampal synapses and the frog neuromuscular junction, our results 
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support the premise that spontaneous and evoked release have substantial overlap in their 

sites of origin, but they do not possess significant correlation with respect to their 

kinetics. Therefore, if spontaneous and evoked release events originate from the same 

synapse then it can still be meaningful to record frequency of mEPSCs or mIPSCs to 

determine whether there is a loss or an increase in the number of synapses. However, it 

may be difficult to correlate this parameter with evoked release probability. 

Second scenario that may account for our findings implies that fusion pore 

kinetics or glutamate release profile of the spontaneous and evoked fusion events in a 

given synapse may differ. For instance, evoked fusion events may reach a higher 

percentage of receptors whereas spontaneous fusion events may activate only a small 

number of receptors (Cull-Candy and Leszkiewicz, 2004) although the two receptor 

populations overlap. This possibility contradicts several earlier observations. Both forms 

of fusion have been shown to equally stimulate AMPA receptors (Sun et al., 2002), 

which have approximately 100-fold less affinity for glutamate than NMDA receptors 

suggesting that they both can activate a number of receptors albeit below saturating levels 

(Mainen et al., 1999). In addition, this scenario is hard to reconcile with the mirror 

experiments presented in Figures 2, 3 and 4 of this study, namely evoked and 

spontaneous fusion events did not occlude each other irrespective of the order at which 

they were blocked by MK-801. Furthermore, exogenous NMDA application experiments 

presented in Figure 7 strongly argue for a postsynaptic spatial distinction between evoked 

and spontaneous transmission inconsistent with a “fusion pore” model. 

A third proposal suggests that spontaneous fusion events may occur ectopically 

(Matsui and Jahr, 2003; Coggan et al., 2005), outside the active zones, as proposed by 

 199



some earlier work (Colmeus et al., 1982). The arguments presented above against the 

different synapses scenario also contradict this possibility. However, the fact that the 

kinetics of spontaneous and evoked quantal events match under most circumstances 

(Diamond and Jahr, 1995; Isaacson and Walmsley, 1995; Van der Kloot, 1996; Wall and 

Usowicz, 1998; Sun et al., 2002) makes this option somewhat improbable. In addition, 

the rapidity of MK-801 block of NMDA-mEPSCs is consistent with the premise that 

spontaneous fusion events occur in discrete sites thus repetitively activating a cluster of 

receptors rather than fusing at sites diffusely distributed along an axon. Moreover, 

imaging experiments using synaptophysin-pHluorin revealed that almost all sites of 

spontaneous release were responsive to 30 Hz stimulation and 79% of the sites were 

responsive to 1 Hz stimulation.  

The last possibility is that evoked and spontaneous fusion sites are 

compartmentalized within a single synapse presumably in the vicinity of a given active 

zone (within a 1 μm2 area) thus activating receptors in different subdomains of the 

postsynaptic density. We think this last model brings together the “different synapses” 

and “ectopic release” models in one scheme that could account for our data as well as 

earlier observations (Townsend et al., 2003). If spontaneous and evoked fusion occur 

within a single active zone or in the vicinity of a single active zone, as suggested by this 

model, then how is it possible that NMDA receptors, which are extremely sensitive to 

glutamate, cannot detect both types of glutamate release? One option is that the release 

profile of glutamate is rather restricted within the synaptic cleft. Accordingly, previous 

work showed that single vesicle fusion events activate only a small number of NMDA 

receptors (~3) that typically comprise less than 40% of the total number of NMDA 
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receptors per postsynaptic site (Nimchinsky et al., 2004). Therefore, we think there is 

sufficient latitude for non-overlapping activation of NMDA receptors within a single 

synapse by evoked and spontaneous release events. However, to account for our 

observations we propose a diffusion barrier between the sites of spontaneous and evoked 

neurotransmission within individual synapses. This proposal depends on three 

independent observations. First, a standard model for glutamate diffusion in the synaptic 

cleft shows that simple variations in the diffusion coefficient cannot explain our findings 

as according to the standard model all NMDA receptors within a 1 μm2 area should see 

sufficient glutamate after a single vesicle fusion event (Figure 5.9). Second, rapid 

clearance of glutamate by glutamate transporters cannot be responsible for limiting the 

diffusion profile of glutamate as a potent blocker of these transporters significantly 

increases background NMDA receptor activity but does not give rise to cross talk 

between the NMDA receptors mediating this background activity and receptors activated 

during evoked transmission (Figure 5.10). Third, brief exogenous application of NMDA 

and MK-801 only blocks subsequent evoked NMDA-eEPSCs by 45% whereas it can 

reduce spontaneous activity more than 90% (Figure 5.11). Therefore, to explain our data 

we propose a model where spontaneous neurotransmission predominantly occurs in a 

perisynaptic localization presumably in the vicinity of an active zone within a 1 μm2 area. 

However, glutamate exchange between the sites of spontaneous and evoked transmission 

is severely impeded by a diffusion barrier (Figure 5.11N).  

Here, we should mention that differential localization of spontaneous and evoked 

fusion events in a synapse is consistent with the earlier proposal from our group that the 

two forms of neurotransmission originate from distinct pools of vesicles co-localized in 
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individual synapses (Sara et al., 2005). However, the failure of Groemer and Klingauf 

(Groemer and Klingauf, 2007) to confirm a part of this earlier study raises additional 

questions that will be addressed in the future. Nevertheless, all of the conclusions of the 

present study stand regardless of whether the vesicles come from one homogeneous pool 

or two distinct pools.  

Probing the properties of asynchronous release. 

In addition to enabling us to examine the inner workings of spontaneous and 

evoked release events at individual synapses, this setting gave us an opportunity to 

address a key question on the role of synaptotagmin 1 in controlling neurotransmitter 

release. Taking advantage of the differential activation of NMDA receptors by 

spontaneous and evoked release events, we could show that asynchronous release events 

still maintained the properties of synchronous evoked transmission by activating a set of 

NMDA receptors distinct from spontaneous events. In the absence of synaptotagmin 1, 

spontaneous release rate was significantly increased. Thus the increase in spontaneous 

release and loss of release synchrony seen in syt1 deficient synapses are separable 

phenotypes suggesting a dual role for synaptotagmin 1 in regulation of fusion. 

Furthermore, the asynchronous release elicited in the presence of Sr2+ was also selective 

in its ability to activate a set of NMDA receptors distinct from spontaneous events and 

shared with Ca2+-evoked release. Therefore, our results support the premise that 

asynchronous unitary events detected in Sr2+ provide a more accurate picture for the 

quantal properties of evoked release (Oliet et al., 1996).  

Implications for neuronal signaling  
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In addition to their implications for the analysis of unitary neurotransmission, the 

findings we present here, suggest a potential divergence in downstream signaling 

triggered by evoked versus spontaneous activation of postsynaptic neurotransmitter 

receptors. During this study, we did not detect a significant difference between the 

compositions of NMDA receptors activated by the two forms of release as they were both 

equally blocked by the NR2B specific antagonist ifenprodil by 50% (Figure 5.14). 

However, this observation does not exclude differences in the downstream signaling that 

is associated with the two sets of NMDA receptors. In future experiments, it will be 

important to test whether other postsynaptic receptor types that respond to different 

neurotransmitters follow the same premise. In addition, it will be critical to examine the 

structural determinants of this putative functional compartmentalization within individual 

synapses and also investigate whether differential activation of receptors with 

spontaneous and evoked forms of fusion leads to activation of distinct signaling cascades 

in target neurons (Sutton et al., 2004; Zucker, 2005; Sutton et al., 2006). 
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Figure 5.14:  NMDA-mEPSC and NMDA-eEPSC have similar sensitivity to 
ifenprodil.  
(A-B) Sample traces and quantification of ifenprodil (3 mM) effect on evoked NMDA-
eEPSCs in 14 DIV dissociated cultures. Ifenprodil perfusion decreases the amplitude of 
evoked NMDAR-mediated currents (before ifenprodil, 1412 ± 299 pA; n = 5, after 
ifenprodil, 695 ± 167pA; n = 5: p = 0.019) (C-D) Sample traces and quantification of 
ifenprodil effect on NMDA-mEPSCs. Total charge transfer per minute is decreased 
(Before ifenprodil: 83.2 ± 22 pC/10s n = 5, after ifenprodil: 47.7  ± 13 pC/10s n = 5; p = 
0.003)    
 
5.4 Materials and Methods 
 

5.4.1 Cell culture.  
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Dissociated hippocampal cultures were prepared from 1 day old Sprague-Dawley rat 

pups or wild type and synaptotagmin-1 deficient mouse pups using previously described 

methods (Kavalali et al., 1999). 

5.4.2 Slice preparation.  
 
Transverse hippocampal slices (400 μM) were prepared from 12- to 21- day old Sprague–

Dawley rats and incubated in oxygenated solution containing in mM: 124 NaCl, 5 KCl, 

12 NaH2PO4, 26 NaHCO3, 10 D-Glucose, 2 CaCl2 and 1 MgCl2 at room temperature (24-

27°C). For electrophysiological experiments, after making a cut between CA1 and CA3 

regions, individual slices were transferred to the recording chamber that was mounted on 

the stage of an upright microscope (Nikon E600FN, Tokyo, Japan). During experiments, 

slices were submerged and extracellular solution was continuously exchanged with a 

flow rate of 1-3ml/min. All experiments were performed at room temperature.  

5.4.3 Electrophysiology.  

In dissociated cultures, cells with pyramidal morphology were whole cell voltage-

clamped to -70 mV in a modified Tyrode’s solution containing (in mM): 150 NaCl, 4 

KCl, 2 MgCl2, 10 glucose, 10 HEPES, and 2 CaCl2 (pH 7.4, 310 mOsm). To record and 

isolate NMDA receptor-mediated miniature or evoked EPSCs, MgCl2 concentration is 

reduced to 0 or 0.1 mM and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10μM, 

Sigma-Aldrich Co., St. Louis, MO, USA), picrotoxin (PTX; 50 µM; Sigma), strychnine 

(1 µM; Sigma),  glycine (15 µM; Sigma)  were added to bath solution. Electrode solution 

contained (in mM): 115 Cs-MeSO3, 10 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 20 TEA.Cl, 

4 Mg-ATP, 0.3 Na2GTP, 10 QX-314 (Sigma, St Louis, MO, pH 7.35, 300 mOsm). Data 
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was acquired using an Axopatch 200B amplifier and Clampex 8.0 software (Axon 

Instruments, Union City, CA). Recordings were filtered at 2 kHz and sampled at 5 kHz. 

To elicit evoked responses, electrical stimulation was delivered through parallel platinum 

electrodes in modified Tyrode solution (1 ms duration, 20-30 mA amplitude). Baseline 

for the analysis of NMDA-mEPSCs was automatically determined as the average current 

level of silent episodes during a recording. The events were selected at a minimum 

threshold of 4 pA and the area under current deflection was calculated to quatify charge 

transfer. 

In hippocampal slices we recorded from the neurons in the pyramidal cell layer of 

area CA1 in the whole cell voltage-clamp configuration. Pipettes were filled with the 

internal pipette solution that contained (in mM): 110 K-gluconate, 20 KCl, 10 NaCl, 10 

HEPES , 0.6 EGTA, 4 Mg-ATP, 0.3 GTP, 10 QX-314 and buffered to pH 7.3 with CsOH 

(290 mOsm). eEPSCs were evoked by stimulation (200 µs duration, 10-80µA amplitude) 

of Schaffer Collateral afferents using concentric bipolar tungsten electrodes through a 

stimulus isolation unit. All statistical comparisons were performed with two-tailed 

unpaired t-test (except in cases where measurements were paired e.g. Figures 5.3D, 

5.4B); values are given as mean ± SEM.  

5.4.4 Fluorescence detection of spontaneous and evoked release kinetics 

 
Dissociated cultures were infected with synaptophysin-pHluorin lentivirus at 8 days in 

vitro and analyzed at 13-14 days in vitro (synaptophysin-pHluorin construct contained 2 

pHluorins and was a generous gift of Drs. Y. Zhu, and C.F. Stevens). Following 1 minute 

recording of baseline fluorescence, we perfused cultures with 10 nM freshly prepared 

folimycin. At high concentrations (~100 nM) folimycin increased background 

 206



alkalinization independent of fusion, therefore in these experiments we used 10 nM 

folimycin, which uncovered spontaneous Ca2+-dependent alkalinization as expected from 

spontaneous fusion. Cultures were then allowed to rest for 10 minutes in the presence of 

10 μM CNQX, 50 μM AP5 and 50 μM PTX to estimate spontaneous fusion rate. In these 

cultures, presence of CNQX impairs spontaneous action potential firing thus eliminates 

the need for TTX application (data not shown). Accordingly, the extent of spontaneous 

alkalinization in the presence of TTX (2 mM Ca2+) reached 21.2% of the total pool (n = 2 

experiments, 70 boutons) compared to 22.4 % of the total pool reached in 2 mM Ca2+ in 

CNQX (see Figure 5.11).  Afterwards, cultures were stimulated with parallel field 

electrodes (25 mA-1ms) at 1 Hz frequency for 10 minutes. At the end of the 10-minute 

period, cultures were exposed to 8 mM Ca2+ and stimulated maximally at 30Hz for 600 

pulses to identify functional synaptic vesicle clusters. Images were acquired with a 

cooled CCD camera (CoolSnapHQ, Roper Scientific) during illumination (100 ms) at 480 

± 20 nm (505 dichroic long pass and 534 ± 25 bandpass) via an optical switch (Sutter 

Instruments) and analyzed using Metafluor Software (Universal Imaging). 

 

 

 

 

 

 207



CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

We are beginning to understand the complexity of interactions and functions 

mediated by “adhesion molecules”. The term is somewhat misleading given the fact that 

these molecules are likely to be performing a variety of other functions besides adhesion.  

In the first chapter we have summarized the evidence that neurexin overexpression 

decreases inhibitory currents. Many questions waiting to be answered; what is the 

mechanism of this decrease? Why is the specificity for inhibitory synapses? How do 

these results relate to knock out phenotype? Besides neuroligins, neurexins interact with a 

variety of other molecules, such as dystroglycans and neuroxophilins. It will also be 

interesting to investigate significance of these interactions. Finally neurexins are heavily 

spliced to produce a variety of isoforms, it remains to be seen how do these spilicing 

events effect the structure and hence ligand binding properties.  

Better systems needs to be developed to analyse these molecules as it is becoming 

a recurring theme that in dissociated cultures most of the time phenotype becomes 

undetectable for reasons of at least of three fold. First, this could be due to potential non-

specificity of the numbers and targets of interactions. Secondly, in dissociated culture 

system the molecules stay in solution for several days, weeks. As these molecules reside 

on the cell surface, they will be a lot more susceptible to such artificial changes in the 

extracellular environment than cytosolic molecules such as SNAREs. Thirdly, since 

dissociated culture neurons are a lot more flexible and promiscuous in terms of their 

synapse forming abilities, their homeostatic properties are potentially different from their 
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in vivo partners. This adaptability could also hinder phenotype caused by deletion or 

overexpression of these molecules.   

 

Figure 6.1: Schematic illustration of possible interactions by neurexins and 

neuroligins.  

Nevertheless, it is becoming clear that the currently known interactions cannot 

explain most of the phenotypes reported here. For example, it is difficult to envision how 

does NL1 specifically boost excitatory synapses whereas NL2 is only specific for 

inhibitory synapses. One way this could be achieved is, if these molecules directly 

interact with NMDA/AMPA and GABA receptors respectively. However, no such 

interaction has been reported. On the other hand, NLs might act as anchoring sites that 

would recruit scaffolding molecules, which in turn would recruit specific 

neurotransmitter receptors. Then, the question becomes whether there is a difference 

between excitatory and inhibitory neurons in terms of the adhesion molecules they 

express in their axonal terminals, where they would selectively engage with specific 

neuroligin isoforms. 

We are yet to start delineating the pathways downstream of these adhesion 

molecules. Analysis of CASK knock out revealed that the excitatory/inhibitory balance is 

impaired in the dissociated cultures. This finding is in line with the observations obtained 
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from overexpression or deletion of neurexins-neuroligins in that, they both affect the 

balance of excitation and inhibition. It would not be surprising to speculate that CASK 

might be involved in trafficking and/or turn over of neurexins, given the premise that 

neurexin amounts are altered in the CASK knock out animals.  

How are these adhesion molecules distributed across a single synapse and 

between synapses? What is their location with respect to active zone? How do they 

interact with the active zone? The answers to these questions will reveal important clues 

about the sub-synaptic architecture. In the 5th chapter we have observed that spontaneous 

and evoked fusion events could occur in the same synapse without any correlation 

between their fusion kinetics. We also showed that spontaneous fusion is much more 

susceptible to extracellular application of blockers than evoked fusion. Based on these 

observations we propose a concentric model for synaptic organization in terms of fusion 

regulation. According to this model, active zone that contains calcium channels, 

SNAREs, regulatory molecules, and docked vesicles are mainly responsible for evoked 

fusion and located at the center of synaptic contact. Whereas spontaneous fusion occurs 

at the periphery of the synaptic contact. How homogenously active zone molecules are 

distributed and how do they relate to release ready vesicles is an important question that 

we have no answer yet. Similarly, how exactly adhesion molecules align release sites and 

receptors is unknown, given the fact that most of the time only receptors directly 

opposing to the fusion sites are activated, this issue becomes particularly important. 

Assuming that fusion requirements for evoked and spontaneous transmission are not 

completely the same it would be possible to envision how such a distribution of fusion 

could occur. The tight regulation of fusion in a Ca2+ dependent manner at the active zone 
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would be contrasted by the absence or dilution (or a change in relative stoichiometry) of 

these regulatory molecules on the periphery of the active zone, where fusion is more 

loosely regulated and spontaneous fusion events are more likely to occur. (Figure 6.2) 

  

Figure 6.2: A working hypothesis for subsynaptic architecture in regards to fusion 

regulation. 

 Similar premises have been suggested for the distinction between synchronous 

and asynchronos release. According to this scheme, as detailed in introduction, difference 

between synchronous and asynchronus release could be explained two different but not 

mutually exclusive hypotheses. First hypothesis assumes that asynchronous release 

occurs due to the distance of vesicles from calcium source. The second hypothesis 

however, suggest that these vesicles are different from those release synchronously in 

terms of their release competence due to their protein or lipid content. A previous study 

from our group suggested that a similar distinction in vesicles might exist between 

evoked and spontaneous release vesicles. Namely, the two type of release executed by 

different pool of vesicles. It is tempting to speculate that if these vesicles are different for 

some reason (lipid or protein content), that makes them compatible for one type of 
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release, could this difference also localize them to different subsynaptic nanodomains in 

the terminal?    

 Currently we do not have subsynaptic imaging resolution to test the hypothesis of 

fusion/receptor nanodomains. As new technologies develop towards single molecule 

imaging, we will have better understanding of the organization of synaptic architecture 

and we will likely to see non-homogeneities in active zone and post-synaptic 

organizations.  
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